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Abstract
The development of small, power-ecient lasers underpins many of the technologies that we
utilise today. Semiconductor nanowires are promising for miniaturising lasers to even smal-
ler dimensions and so have attracted substantial research interest. Over the past 15 years,
nanowire lasers have been demonstrated in various material systems, with room-temperature
lasing being readily achieved in II-VI and III-N semiconductor nanowires, and more recently
in III-V semiconductor nanowires. III-V semiconductors, such as Gallium Arsenide (GaAs)
and Indium Phosphide (InP), are the most widely used materials for optoelectronic devices
and so the development of nanowire lasers based on these materials is expected to have tech-
nologically signicant outcomes.
This PhD dissertation presents a comprehensive study of the design of III-V semicon-
ductor nanowire lasers, with bulk and quantum conned active regions. Based on the design,
various III-V semiconductor nanowire lasers are demonstrated, namely, GaAs nanowire lasers,
GaAs/AlGaAs multi-quantum well (MQW) nanowire lasers and InP nanowire lasers. These
nanowire lasers are shown to operate at room temperature, have low thresholds, and lase
from dierent transverse modes. The structural and optoelectronic quality of nanowire lasers
are characterised via electron microscopy and photoluminescence spectroscopic techniques.
Lasing is characterised in all these devices by optical pumping. The lasing characteristics are
analysed by rate equation modelling and the lasing mode(s) in these devices is characterised
by threshold gain modelling, polarisation measurements and Fourier plane imaging.
Firstly, GaAs nanowire lasers that operate at room temperature are developed. The chal-
lenges with achieving room-temperature lasing in this material system are overcome by
determining the optimal nanowire diameter to reduce threshold gain and by passivating
nanowires to improve their quantum eciency (QE). High-quality surface passivated GaAs
nanowires of suitable diameters are grown. The growth procedure is tailored to improve both
QE and structural uniformity of nanowires. Room-temperature lasing is demonstrated from
individual nanowires at a threshold pump uence of ~207 µJ cm-2pulse-1 and threshold carrier
density of ~2.5 × 1019 cm-3, and lasing is characterised to be from TM01 mode by threshold
gain modelling.
To lower threshold even further, nanowire lasers with GaAs/AlGaAs coaxial multiple
quantum well (MQW) gain regions are investigated. The TE01 mode, due to its polarisa-
tion and excellent overlap with the gain region, is predicted to lase in these nanowire het-
erostructures. Through gain/loss calculations, important design criteria, such as the optimal
well thickness to minimise the threshold carrier density and the optimal number of QWs
xi
to minimise the threshold uence are determined. It is also shown that there is a limit to
the minimum and maximum number of QWs that are required for room-temperature las-
ing. Based on the design, MQW nanowire heterostructures containing eight uniform coaxial
GaAs/AlGaAs MQWs are grown. Room-temperature lasing is demonstrated from individual
nanowires at a threshold uence that is 2× lower compared to the bulk GaAs nanowire lasers.
Lasing is also veried to be from TE01 mode by polarisation measurements.
Lastly, a mode characterisation technique based on imaging the polarisation dependent
far-eld emission pattern of nanowire lasers is presented. To demonstrate this technique,
InP nanowire lasers are used, because of their excellent structural characteristics. The InP
nanowire lasers are designed to lase from dierent guided modes by simply varying the
nanowire diameter. The experimentally obtained polarisation dependent far-eld proles
match very well with numerical simulations and enable unambiguous identication of the
lasing mode(s) in nanowire lasers.
Overall, this thesis presents extensive modelling of nanowire lasers, which is supported
by experimental results. The modelling will provide a useful reference for developing novel
nanoscale lasers and improving the performance of current nanowire lasers.
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Chapter 1
Introduction and background
1.1 Motivation
Lasers are one of the greatest inventions of the last century. They have important uses in
industry, engineering, information technology, medicine, defence and science, and are an
integral part of modern life. As lasers have developed over time, the number of laser related
applications has steadily grown. In particular, making lasers smaller and more power ecient
has been both technologically and commercially signicant. Small, low power lasers have
found widespread use in consumer electronics and are now commonplace in every household.
Additionally, such types of lasers can be modulated at high frequencies and are the basis for
high-speed broadband communication systems used today.
Further advancements in laser technology are necessary for improving current laser-
based systems and for opening up new applications. Reducing the physical dimensions of
lasers will further enable novel applications in optical communication and data processing,
medical imaging, sensing and consumer electronics [1]. For example, smaller lasers that are
biocompatible could be implanted within living cells and be used for in vivo studies, imaging
and surgery. Likewise, smaller lasers that emit red, blue and green light could lead to brighter
and more energy-ecient lighting and displays.
In particular, integrating smaller lasers with current Si-based electronic circuits would
have technologically important applications [2]. The processing speed of current electronic
circuits is limited by inherent RC delay times. The thin copper wires used to connect various
transistors on a chip are a bottleneck for improving speed and the resistive losses associated
with them is a major source of heating in the device. Using light to transmit and process data
on-chip can overcome these issues and yield much faster processing speeds [3]. However,
existing photonic devices and circuits are much larger in size compared to electronic devices
(as indicated in Figure 1.1). Shrinking the size of photonic devices/circuits to the nanoscale
is, therefore, required for high-density optoelectronic integration.
Semiconductor nanowires are promising for miniaturising photonic devices and for in-
tegrating them on Si. Nanowires are nanostructures that have a wire-like geometry; they
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Figure 1.1: Size comparison between electronic circuits and photonic devices.
are nanoscale in diameter and can be several microns in length. The high refractive index of
semiconductors and the high aspect ratio of nanowires gives rise to unique optical properties
(some of which we will discuss later in this Chapter). For instance, the large refractive index
contrast between the nanowire and the surrounding medium (usually air) enables light to be
strongly conned within the nanowire [4]. Because of the strong optical connement, the
diameter of the nanowire can be reduced down to λ2n and the footprint of photonic devices
can be reduced. The large index contrast and the subwavelength size of the nanowire cross-
section also result in strong scattering/reection of light from the nanowire end-facets [5],
which has advantages for nanowire lasers [6].
The other advantage that nanowires oer is the possibility of being monolithically integ-
rated on Si substrates. While Si is the workhorse for electronic devices, it is not an ecient
light emitting material. Direct band gap semiconductors, such as III-V semiconductors, are
ecient light emitters and are widely used for optoelectronic devices. However, the crystal
lattice size of III-V semiconductors is incompatible with that of Si [7]. Consequently, epi-
taxial growth of III-V materials (planar layers) on Si substrates results in a signicant number
of strain-related defects which are detrimental to the optical performance. Nanowires, on the
other hand, can relieve strain without compromising crystal quality. This unique property
has enabled high-quality III-V nanowires to be grown on top of Si substrates [8–11] and has
thus opened up opportunities for high-density optoelectronic integration.
Semiconductor nanowires have many other properties that are benecial for optoelec-
tronic devices, such as large light absorption/extraction eciency [12–16] and polarisation
anisotropy [17]. These properties can be tailored, by varying the nanowire shape, compos-
ition and or dimensions, to suit various applications. By utilising these properties, the e-
ciency of various optoelectronic devices (such as solar cells, photodiodes, light-emitting di-
odes (LEDs) and lasers) can be improved. Nanowires have therefore attracted much research
interest since they not only reduce the footprint of devices but can also lead to superior per-
formance or novel characteristics.
The applications of semiconductor nanowires are not just limited to optoelectronic devices
[18–20]. Nanowires are being actively researched for making novel transistors, thermoelec-
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tric devices, bio and chemical sensors, electronic probes (for electrical interfacing with living
cells) and electrodes (for batteries, water splitting and hydrogen generation). Nanowires are
also useful for fundamental science, to study light-matter interactions, quantum transport
physics, topological insulators and crystal growth. The above-mentioned applications are by
no means exhaustive and demonstrate how versatile nanowires are as building blocks for
various nanoscale devices.
This thesis presents the study of III-V semiconductor nanowire lasers. III-V semiconduct-
ors are the most widely used materials in semiconductor lasers today [21, 22]. Compared with
other direct band gap materials, III-V compounds are chemically stable (hence the devices are
highly reliable), they can be formed with near perfect crystal quality (which is necessary for
high performance), and the conductivity type can be easily controlled (which is necessary for
electrical injection). In particular, III-V semiconductors have emission wavelengths that are
suitable for ber-based optical communication and medical surgery/therapy. Reducing the
physical dimensions of III-V semiconductor lasers will therefore have signicant outcomes
for optical communication and medical related technologies.
As previously mentioned, nanowires are an excellent means to realise compact photonic
lasers. In this thesis, we have developed nanowire lasers based on the two most commonly
used III-V semiconductors, namely Gallium Arsenide (GaAs) and Indium Phosphide (InP).
Before going on to further discuss the nanowire lasers that we have developed as part of
this thesis, we will briey discuss the theoretical aspects of a laser and recount some of the
developments that have been made in this eld of nanowire lasers so far.
1.2 Theoretical background
1.2.1 Carrier generation and recombination
Almost all of the electrical and optical properties of semiconductor materials that we utilise
in modern devices originate from the electronic transitions between valence and conduction
bands. These energy bands are separated by an energy band gap. The band gap denes the
wavelength of light emitted by the material and is within the ultraviolet to infrared spectral
range for most semiconductors. Photons of higher energy than the band gap of the semi-
conductor can excite electrons from the valence band to the conduction band when incident
on the material (photon absorption). The vacancy created in the valence band as a result of
this process is called a hole and is conceptualised as a positive charge carrier. Electrons in
the conduction and holes in the valence band can recombine in a number of ways, as illus-
trated in Figure 1.2. The transitions can either result in an emission of a photon (radiative
recombination) or the energy can be transferred to lattice vibrations and be dissipated as heat
(non-radiative recombination). We shall discuss these recombination processes in further de-
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Figure 1.2: Band diagrams showing processes for carrier generation and recombination in
semiconductors. The rst process is photon absorption. The second and third are radiative
recombination processes. The last one shows two nonradiative recombination processes.
Adapted from [22].
tail below.
1.2.1.1 Radiative recombination
Photon emission (and absorption) is most ecient in direct band gap semiconductors as elec-
tronic transitions can occur without requiring extra momentum (for momentum conserva-
tion). Direct band gap semiconductors are therefore used for optoelectronic devices, such as
light-emitting diodes (LEDs) and lasers. Photon emission in a direct band gap material can
occur in two dierent ways. An electron in the conduction band and a hole in the valence
band can recombine spontaneously, without any external stimulus. In this case, the emitted
photon has a random phase and direction and its energy is related to the dierence in energy
between the electron and hole states. Since this process requires an electron-hole pair, the
rate of spontaneous emission Rsp is found to be proportional to N2 (for undoped material),
where N is the carrier density in the material.
The other process by which photons can be emitted is stimulated emission. This is the
physical mechanism behind the generation and amplication of coherent light in lasers -
the term “laser” is actually an acronym that stands for “light amplication by stimulated
emission of radiation”. In this process, the electron-hole recombination is triggered by an
incoming photon and results in the emission of a new photon of the same wavelength, phase,
polarisation and direction. Since the recombination results in two identical photons from one
initial photon, this phenomenon is also referred to as gain.
To achieve gain, certain conditions are required to be fullled. There has to be a large
population of carriers in the excited state (otherwise the rate of absorption exceeds that of
emission) and there has to be photons propagating through the material to stimulate popu-
lation inversion. Typically in a laser, the gain medium is placed inside an optical cavity and
is ‘pumped’ using either an electrical or optical source. The optical cavity provides positive
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feedback and selects out a particular frequency/mode for coherent light output and the pump
(electrical or optical) provides the energy required to excite carriers to achieve population
inversion. The rate for stimulated recombination Rst is proportional to the product of gain
(per unit length) in the material g and photon density in the lasing mode S. The material
gain g depends on carrier density N as well as other material parameters and temperature.
The photon density S depends on the eciency of radiative recombination processes in the
material and the optical feedback provided by the cavity. Thus, both a gain medium with high
radiative eciency and a cavity with strong optical feedback are required for a laser.
1.2.1.2 Nonradiative recombination
There are a number of recombination pathways in which energy is dissipated as heat rather
than being converted to photons. These processes are undesirable for a laser, as they reduce
the pool of carriers that can contribute towards gain. Furthermore, heating in the device can
reduce gain and make radiative recombination processes even more inecient. Reducing or
suppressing nonradiative recombination in the gain medium is therefore quite important.
Figure 1.2 shows two nonradiative recombination processes. The rst one is a two-step
process, where the transition of an electron from the conduction band to the valence band
occurs via energy level(s) lying in the middle of the band gap. These midgap states can be
caused by crystalline defects, such as point defects or stacking faults, or by impurities in the
material. Electrons from the conduction band can be trapped at these midgap states before
relaxing back to the valence band. The energy from these transitions is transferred to the
lattice and is dissipated as heat.
A similar two-step recombination process can occur at the surface (or interface) of crys-
talline materials, where several states within the band gap can be formed due to dangling
bonds. Similar to the defect/impurity-related states, these surface states also trap charge car-
riers. The rate at which free carriers are captured by surface states in a material is character-
ised by the surface recombination velocity vs . Surface recombination is an issue for materials
with large vs , such as GaAs, and in structures where the exposed surface to volume ratio is
large, for example in nanowires. In Chapter 3 we will show how surface recombination can
be suppressed in GaAs nanowires. The recombination rate for defect/impurity-related and
surface recombination is proportional to the carrier density N .
The second nonradiative recombination process shown in Figure 1.2 is an example of
Auger recombination. In this process the energy from an electron-hole recombination is
imparted to other charge carriers (electron or hole) in the form of kinetic energy. The high-
energy charge carriers then eventually return to thermal equilibrium by imparting their ex-
cess energy to the lattice. Since Auger recombination requires an electron-hole pair and a
third particle, the recombination rate is proportional to N3 (in an undoped material). Auger
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recombination is, therefore, signicant at high carrier densities. Auger recombination is also
strongly dependent on the band gap of the material and is more prominent in small band gap
materials, such as those emitting in the infrared. Thus, reducing the threshold carrier density
in lasers (in particular III-V semiconductor lasers that emit in the infrared) is important for
reducing Auger recombination. The threshold for a laser is dened in Section 1.2.2.
1.2.1.3 Quantum eciency
Quantum eciency or radiative recombination eciency (QE or ηr) is an important gure of
merit for characterising the optoelectronic quality of a material. QE depends on the radiative
and nonradiative recombination rates (Rr and Rnr), as shown below [23]:
ηr =
Rr (N)
Rr (N) + Rnr (N) (1.1)
High QE is necessary for many optoelectronic devices, including lasers. From the above
equation, a relatively low nonradiative recombination rate (Rnr  Rr) or a relatively large
radiative recombination rate (Rr  Rnr) can yield a high QE. The former approach to increase
QE is achieved by improving the material quality and by surface passivation. The later ap-
proach to increase QE is achieved by heavily doping the active region or by incorporating the
gain medium in a suitably designed cavity that can yield a faster radiative recombination rate
via the Purcell eect. It is important to note that QE depends on N . In general, QE increases
with N , reaches a peak and then decreases, when Auger recombination becomes dominant.
Achieving high QE at low carrier densities is desirable for low power LEDs and lasers.
1.2.2 Threshold condition for lasing
One the most important characteristics of a laser is the lasing threshold, at which the output
of a laser becomes dominated by stimulated emission rather than spontaneous emission. The
threshold for a laser is characterised by a sudden increase in the intensity of light output (by
orders of magnitude) and narrowing of the spectral line width. Additionally, the light output
above threshold is both spatially and temporally coherent.
To attain the threshold, the gain medium in a laser must be pumped to a level such that the
gain experienced by light propagating in the cavity compensates for the losses incurred in one
round trip. This condition is known as the threshold condition and the material gain required
to satisfy it is the threshold gain. To understand this condition further, let us consider the
schematic diagram of a laser in Figure 1.3. In this case the gain medium is embedded inside a
Fabry-Perot (F-P) cavity, which consists of two mirrors that are separated by a distance L. The
cavity typically supports certain standing wave patterns or resonant modes. The amplitude of
a particular mode increases as photons propagate through the gain medium (modal gain) but
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Figure 1.3: Diagram of a Fabry-Perot type laser. The optical cavity is formed by the
two mirrors separated by a distance L. The round-trip loss is determined by the mirror
reectivities and absorption inside the cavity. Adapted from [21].
decays when photons are absorbed in the cavity or transmitted through the mirrors (loss). For
lasing to be sustained (steady-state operation), the electric eld amplitude (or photon density)
at any point in the cavity must reach its original value after one round trip. This condition
can only be satised if the round-trip modal gain equals the round-trip losses in the cavity.
For a F-P type laser (shown in Figure 1.3), the threshold condition can be mathematically
expressed as [22]:
Γgth = αi + αm (1.2)
where Γ is the mode connement factor, gth is the threshold gain, αi is the loss due to ab-
sorption in the cavity (intrinsic loss) and αm is the mirror loss. Modal gain is the product of
Γ and the material gain g. Γ is a dimensionless parameter which describes the mode overlap
with the gain (or active) region. g, as mentioned before, is a property of the material and
depends on several material parameters. It turns out however that g can be approximated
by a linear or logarithmic function of N . Since g (N) is a monotonic function of N , reducing
the threshold gain gth reduces the carrier density (and also pump power) required to obtain
lasing. Minimising gth is, therefore, one of the primary objectives in designing lasers. From
Equation 1.2, gth can be minimised by maximising Γ and reducing the losses in the cavity.
Estimating the losses in an optical cavity is important for estimating the threshold gain.
For a F-P type laser, the mirror loss (per unit length) can be easily calculated using the formula
[22]:
αm =
1
L
ln
(
1
R
)
(1.3)
where L is the cavity length and R =
√
R1R2 is the geometric mean of the mirror reectance
(R1,2) from the two ends of the cavity. Thus, a longer cavity length and higher reectance are
required for lower mirror loss. The intrinsic loss (per unit length) is, however, harder to estim-
ate. The intrinsic loss includes all other loss in the cavity such as absorption and scattering,
which could be a result of material imperfections, tapering in the cavity, or inhomogeneity in
the pump excitation/charge injection. In general, the intrinsic loss can be reduced by proper
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design of the cavity and by improving the material quality.
1.2.2.1 Quality factor
The Quality factor (Q factor) is a dimensionless parameter which describes the relationship
between the energy stored and energy dissipated from the optical cavity. It is a useful gure
of merit for comparing dierent types of laser cavities. The Q factor is related to the line
width (full width at half maximum) of the resonant mode, via:
Q =
f0
∆ f
(1.4)
where f0 is the frequency of the resonant mode and ∆ f is its line width. The Q factor is also
related to the threshold gain via the following expression [22]:
Q =
k0ng
Γgth
(1.5)
where k0 is the wavenumber and ng is the group index. Thus, a high Q cavity is required for
obtaining low threshold gain and very narrow laser line width.
1.2.3 Threshold pump power requirements
The pump power (or current) required to reach threshold gain is the threshold power (or
threshold current). Reducing the power (or current) to operate a laser is important for re-
ducing its power consumption and is therefore a key objective for the laser cavity design.
The threshold power, as well as the performance and dynamic behaviour of the laser, can be
predicted by solving the laser rate-equations. These equations model the rate of change of
the carrier density inside the active region (N) and the photon density of the lasing mode
inside the cavity (S). We will describe the rate-equations in further detail in Chapter 3 and 4.
Although the rate-equations generally have to be solved numerically, they can be analytically
solved for the steady-state (by setting dNdt = 0 and
dS
dt = 0). The steady-state threshold pump
power is found to be [22]:
Pth =
~ωVa
ηp
[(1 − β (Nth)) Rsp (Nth) + Rnr (Nth)] (1.6)
where ~ω is the pump photon energy, Va is the active region volume, ηp is the pumping
eciency, β is the fraction of spontaneous emission that couples into the cavity mode, Rsp
is the spontaneous recombination rate, and Rnr is the nonradiative recombination rate. The
terms that depend on carrier density are denoted in the above equation. To minimise Pth it
is necessary to minimise Nth, which can be achieved by minimising gth (since by denition
g (Nth) = gth) and by using high gain materials for the active region. In addition, as suggested
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by Equation 1.6, Pth can be minimised by reducing Rnr and Va and increasing ηp and β. We
will discuss these terms in further detail below.
Nonradiative recombination As previously mentioned, nonradiative recombination
processes are undesirable for light emitting devices as they do not result in photon emission
and energy is wasted as heat. The nonradiative recombination rate (Rnr) can be reduced by
improving the material quality, by surface passivation and by minimising Nth to avoid Auger
recombination.
Pumping eciency The pumping eciency (ηp) is the fraction of pump photons that
generate carriers in the active region. Pumping eciency is the product of the absorption
eciency (fraction of pump photons that are absorbed in the entire device) and the injection
eciency (fraction of the carriers generated that recombine in the active region). We note
that for electrically driven lasers, where carriers are injected directly into the device, only the
injection eciency is relevant.
Increasing the absorption and injection eciency is necessary to reduce the threshold
power. The polarisation, wavelength and spot size of the pump are important factors that
can aect the absorption eciency. The beam prole and spot size are also important factors
to consider, for ensuring that carriers are uniformly pumped throughout the active region.
Active region volume Reducing the active region volume directly reduces the threshold
power for lasing. This has certainly been one of the main motivations for reducing the phys-
ical dimensions of semiconductor lasers and for using quantum conned active regions, such
as quantum wells and quantum dots. In fact, the lowest threshold on record is for quantum
dot lasers. We will discuss the threshold reduction in lasers with quantum conned active
regions in Chapter 4.
β factor According to Equation 1.6, threshold power can also be reduced by increasing
the fraction of light that couples to the lasing mode (β factor). In fact, if nonradiative emission
is negligible (Rnr ∼ 0) and all of the emitted light is coupled into a single mode (β = 1), lasing
can occur without a distinct threshold (Pth ∼ 0). This “thresholdless” behaviour associated
with large β factors has been both theoretically studied and experimentally demonstrated
[24–27].
The β factor is inversely proportional to p, where p is the number of resonant cavity
modes that can be coupled to within the emission line width [22, 28, 29]. Reducing the cavity
dimensions can reduce the number of resonant modes and thereby yield a larger β factor. Re-
ducing the threshold carrier density Nth can also yield a larger β factor since the spontaneous
emission line width is narrower at lower N .
10 Introduction and background
The β factor for a particular mode can also be enhanced as a result of strong mode con-
nement. The recombination rate of an emitter placed in a cavity can be enhanced via the
Purcell eect. A faster rate of spontaneous emission into the lasing mode will, therefore, in-
crease the probability of light coupling to that mode and yield a larger β factor for that mode
[30, 31].
1.2.4 Advantages of semiconductor nanowires for photonic lasers
So far we discussed the requirements for obtaining low-threshold lasing. Semiconductor
nanowires full many of these requirements and so are excellent means to realise compact
photonic lasers. First and foremost, semiconductor nanowires can function both as the gain
medium and the optical cavity required for lasing. The optical cavity can be formed by light
propagating between the end facets of the nanowire, as in a F-P cavity, or by light propagat-
ing around its circumference, as in a whispering gallery mode (WGM) cavity. In conventional
lasers, the cavity functionality is typically achieved through a combination of epitaxial growth
of dierent refractive index layers and post-growth processing. The unique geometry of the
nanowire, however, eliminates the need for complex post-growth processing to achieve a
cavity [32].
Nanowires oer several other advantages for downscaling the physical volume and re-
ducing the threshold of lasers. All these advantages arise from the unique geometry of
nanowires and the large refractive index contrast between the nanowire and the surrounding
medium. Because of the large index contrast, the photonic modes supported in the nanowire
are strongly conned. This has advantages for reducing the dimensions of the nanowires
down to λ2n , thereby reducing the device footprint. The strong optical connement also res-
ults in slow propagation of modes along the nanowire axis (i.e. large group index, ng  n),
which leads to mode connement factors that are greater than 1 (Γ > 1). Large Γ, as shown
in Equation 1.2, is required for reducing the threshold gain.
The high index contrast at the nanowire end facets is also advantageous for obtaining
strong optical feedback. Because of the small transverse dimensions of the nanowire, the end
facets behave like localised scattering centres rather than large planar interfaces. The modal
reectivity at nanowire end facets, therefore, depends on the nanowire diameter as well as
the index contrast. For certain diameters, the mode reectivity can be signicantly larger
than that for large planar interfaces, as a result of strong back scattering. Higher modal re-
ectivities, as indicated by Equations 1.2 and 1.3, are advantageous for reducing the threshold
gain, or for reducing the size of the gain region to achieve lasing.
Apart from reducing the threshold gain (through a larger Γ and higher R), nanowires
oer the possibility of lower threshold power, as a result of lower Va, larger ηp and larger β
factor. We will discuss each one of these below.
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Active region volume As mentioned before, semiconductor nanowire lasers oer the
advantage of small physical (and gain) volumes because of strong optical connement and
high reectivity/scattering at nanowire end facets. Additionally, the active region volume in
nanowire lasers can be further reduced by incorporating quantum conned structures within
the nanowire. Nanowire lasers with quantum conned active regions are promising for re-
ducing both Nth and Pth, because of their larger material gain and higher QE compared with
bulk semiconductors.
Pumping eciency Threshold pump power (for optical pumping) can also be reduced
by improving the eciency of light absorption in the nanowire. Absorption in nanowires
depends on the nanowire diameter (or pump wavelength) and polarisation of the incident
light [12, 17, 33], and can be enhanced as a result of light coupling to various photonic modes
supported in the nanowire. Therefore, the pump eciency can be increased by a rational
choice of the nanowire diameter (and pump wavelength), the orientation of the nanowire
with respect to the direction of incident light, the polarisation of the pump laser with respect
to the nanowire axis and the pump spot size (and shape).
β factor The β factor in nanowire lasers can be much larger compared to conventional,
planar semiconductor lasers, because of their small dimensions and the high refractive index
contrast. The β factor, as previously dened, depends on the number of resonant modes and
the connement of these modes in the nanowire. The β factor in nanowire lasers can be
increased in two ways [32]. Firstly, the nanowire dimensions can be reduced, to limit the
number of resonant modes. Secondly, the active region can be judiciously placed within the
nanowire to maximise the coupling to a certain mode, thereby increasing the β factor for that
mode. In fact, both these approaches can be used in conjunction to increase the β factor and
thus obtain low threshold lasing. The β factors that have been reported to date for nanowire
lasers is comparable to those realised in photonic crystal nanocavity and microcavity lasers.
Nanowires have also been used to fabricate nanolasers with very high β factors [34, 35].
This has been achieved by coupling nanowires to metallic structures and achieving lasing
from plasmonic modes, which are much more strongly conned and have much smaller mode
volumes (below the diraction limit) compared with photonic modes. While these lasers are
promising for miniaturising lasers towards lengths scales that are compatible with current
electronic devices, the threshold requirement for plasmonic lasers is very large. In this thesis,
we will restrict our study to all-dielectric structures and thus only consider photonic mode
lasing in semiconductor nanowires.
So far we have only discussed the advantages of using nanowires for photonic nanolasers.
There are however some challenges that nanowires pose for obtaining lasing. The large sur-
face area to volume ratio of nanowires can lead to large surface recombination (and thus large
12 Introduction and background
Rnr) which can quench luminescence and signicantly reduce the QE. Additionally, the struc-
tural characteristics of the nanowire, such as the shape of the end facets, the cross-section
shape, smoothness of the side facets and the degree of tapering, can signicantly aect the
cavity Q factor. To achieve low threshold lasing in nanowires, high QE and large Q factors
are necessary. We will be focussing on these two aspects throughout this thesis.
1.3 Review of semiconductor nanowire lasers
In this section, we will review the progress in the eld of semiconductor nanowire lasers.
In particular, we will discuss the important developments that were made prior to our work
presented in this thesis.
The eld of semiconductor nanowire lasers was initiated in 2001, when lasing/ASE be-
haviour was reported in ZnO nanowire arrays and individual ZnO nanowires, by optical
pumping [36, 37]. Since then, semiconductor nanowire lasers have been extensively studied
in various material systems and various cavity congurations. Apart from fabricating the
smallest photonic lasers, research eorts into nanowire lasers have also focused on reducing
their threshold, integrating them onto Si substrates, achieving room temperature lasing and
achieving electrically pumped lasing. Figure 1.4 shows a timeline of some of the import-
ant demonstrations of lasing in single semiconductor nanowires. We will summarise these
developments below.
Gainmaterial Semiconductor nanowire lasers have been demonstrated in a wide range
of material systems. The earliest demonstrations were made using III-N and II-VI semicon-
ductor nanowires [36–46]. Optically pumped room-temperature lasing was readily achieved
in GaN, CdS and ZnO nanowires, due to their large exciton binding energy at room temperat-
ure and high material gain. These pioneering works, which were undertaken by researchers
from chemistry and materials communities, inspired the optoelectronic/semiconductor laser
research community to develop nanowire lasers using the conventional III-V semiconduct-
ors, which had widespread commercial applications. However, achieving room-temperature
lasing in III-V semiconductor nanowire lasers was challenging because of material quality
issues and Auger recombination [47, 48], and it took several years for room temperature III-V
semiconductor nanowire lasers to be realised [49–53].
The rst experimental demonstrations also inspired researchers to develop nanowire
lasers that could emit across a wide range of wavelengths. Nanowires made of ternary and
quaternary alloys were shown to be quite promising for achieving tunability since their emis-
sion wavelengths could be easily varied by controlling the alloy composition [54]. Recently
single-nanowire lasers that could emit both red and green light were demonstrated by varying
the alloy composition within a single nanowire [55].
§1.3 Review of semiconductor nanowire lasers 13
The demonstrations of lasing in nanowires composed of various homogeneous bulk gain
semiconductors also inspired researchers to investigate more complex nanowire structures,
such as core-shell, radial and axial heterostructures, for fabricating nanowire lasers with
quantum conned active regions. The rst successful demonstrations of quantum-wire and
quantum-well nanowire lasers were made using III-N heterostructure nanowires [56]. Las-
ing at several dierent wavelengths was also demonstrated by varying the In-composition in
the GaN/InGaN multiple quantum wells (MQWs) embedded in the nanowire. Recently, III-V
semiconductor nanowire lasers with quantum conned active regions (QWs and QDs) have
been developed, which have superior characteristics (greater temperature stability and lower
threshold) compared to their bulk counterparts [57–59].
So far we have only described the development of nanowire lasers using inorganic com-
pound semiconductors. Recently there has been substantial interest in hybrid organic-inorganic
perovskites for optoelectronic devices. Nanowire lasers made from these novel semicon-
ductor materials have strikingly low thresholds [60, 61], because of their intrinsically high
QE and excellent cavity Q factors. However, unlike inorganic semiconductors, these novel
semiconductors are not as stable. Addressing these stability issues is therefore necessary for
their future applications.
Cavity conguration The majority of semiconductor nanowire lasers demonstrated
so far have been lying on low-index substrates. In this horizontal conguration, the nanowire
end facets are exposed to air and lasing is achieved from F-P cavity modes supported in
the nanowire. The horizontal conguration has advantages for reducing the threshold and
for coupling the laser emission to nanophotonic/plasmonic waveguides. However, since the
growth substrate for the nanowires is often dierent to the low-index substrate used in this
conguration, the transferring of nanowires from the growth substrate and precise control
over their placement on the low-index substrate is challenging.
The other conguration in which nanowire lasers have been demonstrated is standing
vertically on the substrate. Compared with the horizontal conguration, the vertical cong-
uration provides a smaller footprint and is advantageous for integrating nanowire lasers onto
Si. However, due to the small index contrast at the nanowire/substrate interface, the NW can-
not function as a F-P cavity for low-order photonic modes. Therefore, dierent approaches
are required to achieve optical feedback. The rst approach that was demonstrated was to
integrate a single nanowire in the defect of a photonic crystal cavity [62]. The nanowire
served as the gain medium, and the photonic crystal provided the cavity. The second ap-
proach demonstrated was to use large diameter nanowires and achieve lasing from higher
order photonic modes (WGM-like modes), which have better feedback at the nanowire/sub-
strate interface [63]. Nanowire lasers that were directly grown on Si substrates were realised
using this approach [49, 64]. A third approach that was recently demonstrated was to use an
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Figure 1.4: Timeline highlighting some of the key demonstrations of lasing in single
semiconductor nanowires.
oxide layer between the nanowire and the Si substrate [50, 65]. The oxide layer improves the
optical feedback, enabling much lower threshold to be obtained for the high-order photonic
modes. The oxide layer also provides a mask which is advantageous for controlling where
the nanowire lasers are positioned on the substrate.
Pumping method The majority of the nanowire lasers that have been demonstrated
have been optically pumped. Achieving lasing with electrical injection of carriers has been
very challenging and to date there has been only one demonstration of a single nanowire elec-
trically driven laser [40] and a few demonstrations of electrically driven lasing in nanowire ar-
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rays [66–68]. The main challenges have been with controlling the doping in nanowires, form-
ing reliable contacts and ensuring that the material gain is sucient to obtain the threshold
for lasing (because of the much larger optical loss due to the metal contacts) [63]. Further
work is necessary to realise electrically pumped single nanowire lasers. Although the recent
demonstration of doped nanowire lasers is an encouraging step in this direction [69].
It is important to note that even with optical pumping, most demonstrations have required
pulsed laser systems (with femtosecond or nanosecond pulse durations) to achieve lasing.
The advantage of pulsed lasers is that the peak pulse power can be very large and so the high
carrier density required for gain can be easily obtained. Moreover, thermal eects due to
optical pumping can be signicantly reduced, since heat can be dissipated to the surrounding
medium between excitation pulses. Thermal eects are a signicant issue for nanowire lasers,
because of their small volume and the poor thermal conductivity of the surrounding medium
(such as low-index substrates and air). To date, continuous wave (CW) lasing in nanowires
has only been demonstrated at very low temperatures [70, 71], and so eective heat sinking
in nanowire lasers is required for obtaining CW lasing at room temperature.
Mode selection The photonic modes supported in nanowires have dierent polarisa-
tion and far-eld characteristics [72]. Tailoring the lasing mode(s) in nanowire lasers is there-
fore important for controlling the polarisation and directionality of emission, which are im-
portant factors for device integration. There are several dierent approaches that have been
reported for achieving mode selection in nanowire lasers. Firstly, the nanowire dimensions
(diameter and length) can be varied to achieve lasing from dierent transverse and longitud-
inal modes [6, 73, 74]. In particular, lasing from a particular transverse mode can be obtained
by controlling the nanowire diameter [6, 32, 51, 59, 74, 75]. We will discuss this approach in
further detail in Chapters 3, 4 and 5 of this thesis. The lasing mode can also be tailored by
engineering the placement of absorption and gain regions within the nanowire [51, 59]. We
will discuss this approach in Chapters 3 and 5.
The lasing mode can also be controlled by controlling the morphology of the nanowire.
Tapered nanowires have been shown to lter out higher order transverse modes and achieve
lasing from the fundamental transverse mode [76]. Mode selection can also be achieved by
changing the cross-sectional shape of the nanowire [77, 78]. Manipulating the shape of the
nanowire from linear to a loop can also lter out longitudinal modes and achieve single-mode
lasing [79].
Other approaches to achieve single-mode nanowire lasers have been to couple two nanowires
together, by placing them either side-by-side [80, 81] or end-on [82]. Mode selection in
nanowires has also been demonstrated by placing nanowires on a dielectric grating [83] and
by placing nanowires on metal substrates (instead of low-index transparent substrates) [84].
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1.4 Thesis Overview
This thesis presents the design and demonstration of various III-V semiconductor nanowire
lasers. Three dierent kinds of nanowire lasers are studied: core-only, core-shell and core-
multishell nanowire lasers with InP, GaAs (bulk) and GaAs/AlGaAs multi-QW active regions,
respectively. The lasing mode(s) in each of these dierent nanowire lasers is characterised
using a number of dierent approaches. The design and experimental studies presented in
this thesis have been published in a number of high impact journals [51, 59, 74]. This thesis
is structured in the following way.
Chapter 2 provides an overview of the numerical and experimental techniques used in
this thesis. The numerical methods used for modelling nanowire lasers are described in this
chapter. The techniques used for growth and characterisation of nanowires, and the tech-
niques used for characterising lasing and the lasing mode(s), are also outlined here.
Chapter 3 focuses on the design and demonstration of GaAs nanowire lasers. Firstly
the design to obtain lasing at room temperature is investigated. The optimal nanowire di-
mensions to minimise threshold gain are determined from modelling and the importance of
improving QE of GaAs nanowires is discussed. High QE GaAs nanowires are obtained by
cladding GaAs nanowires with a surface-passivating AlGaAs/GaAs shell. The structural and
optical quality of the nanowires grown for this study are assessed using SEM and TRPL spec-
troscopy, and room-temperature lasing in nanowires is demonstrated by optical pumping.
The lasing mode in these nanowire lasers is inferred from threshold gain modelling of the
actual core-shell nanowire heterostructure.
Improving the threshold of nanowire lasers using quantum conned active regions is the
subject of Chapter 4. The design of nanowire lasers with radial GaAs/AlGaAs multiple QWs
is investigated by modelling the modal gain/loss. From the modelling, the mode with lowest
threshold carrier density is identied, and the optimal thickness, number and placement of
the MQWs to achieve low-threshold lasing are determined. MQW nanowire heterostructures
are then grown according to the design specications, and the nanowires are structurally
characterised using SEM and cross-section TEM. Finally, low-threshold room-temperature
lasing is demonstrated by optical pumping, and the lasing mode is veried by polarisation
measurements to be the same mode as that designed. The MQW nanowire lasers reported in
this chapter are the lowest threshold III-V semiconductor nanowire lasers to date, and their
threshold is a factor of two smaller than that of the bulk GaAs nanowire lasers demonstrated
in the previous chapter.
In Chapter 5, we model the far-eld emission from nanowire lasers and introduce an ex-
perimental technique to identify the lasing mode(s) in nanowire lasers. This technique is
based on imaging the far-eld emission pattern and has particular advantages for character-
ising the mode(s) in nanowire lasers that are lying horizontally on a substrate. To demon-
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strate this technique, we use InP nanowires, because of their excellent structural uniformity
and high QE. The design of InP nanowire lasers to obtain single-transverse-mode lasing is
rst discussed. Then three dierent InP nanowire lasers, which are designed to lase from
dierent transverse modes are experimentally characterised. By comparing the experiment-
ally obtained far-eld emission patterns with simulations, the various lasing modes in these
nanowire lasers are clearly identied.
Finally, Chapter 6 summarises the main conclusions of this work and suggests directions
for future research.
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Chapter 2
Numerical and experimental
techniques
This chapter provides an overview of the numerical and experimental techniques used in this
thesis. Numericalmethods were used formodelling the photonicmodes in semiconductor nanowires
and for designing the laser cavity. They were also used for understanding and explaining the ex-
perimental results. Various experimental techniques were used for fabricating the nanowire lasers
and for studying their structural, optoelectronic and lasing characteristics. We will discuss these
in detail below.
2.1 Electromagnetic modelling
The interaction of electromagnetic elds with any physical structure can be modelled by
solving Maxwell’s equations. However, there are only limited circumstances where Maxwell’s
equations can be solved analytically; for many real-world problems, exact solutions or even
approximate analytical solutions are not possible. In such cases, numerical methods can be
used to approximately solve Maxwell’s equations. Although numerical methods to model
electromagnetic elds can be computationally demanding, they can model electromagnetic
elds in complex structures of arbitrary shape, size and composition.
There are a variety of numerical techniques that have been developed for electromag-
netic modelling. The choice of technique depends on the type of problem being solved (radi-
ation/scattering or guided wave problem) [85], the wavelength of the electromagnetic waves
simulated, the geometry/physical dimensions of the structures being modelled, and the com-
putational resources available. In this thesis, we have used nite-dierence time-domain
(FDTD) and nite dierence eigenmode (FDE) methods for simulating the photonic modes in
nanowires.
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Figure 2.1: a. Illustration of a Yee cell. In the FDTD method, the electric and magnetic
eld vector components are solved at dierent locations within the Yee cell. b. Schematic
diagram of the mode simulation for calculating guided modes supported in a nanowire.
2.1.1 Finite-dierence time-domain (FDTD) method
The FDTD method is based on nite dierence algorithms for solving partial dierential equa-
tions. Maxwell’s equations (written in partial dierential form) are solved across space and
time over a discrete spatial and temporal grid [86]. As shown in Figure 2.1a, the E and H
eld vector components are solved at slightly dierent positions within the spatial grid (Yee
cell). In the time-domain, the calculations are performed in a cyclic manner: the electric eld
is solved at a given instance in time, then the magnetic eld is solved for the next instance in
time, and the process is repeated until the simulation ends [87].
FDTD simulations are commonly performed in both 2D and 3D. For 2D simulations, the
structure is assumed to be innitely long in the third dimension and eld components are
solved in the cross-section plane. Because of the reduced dimensionality, 2D simulations
require much less computation memory and time than 3D simulations. Moreover, in 2D,
Maxwell’s Equations can be split into two independent set of equations (TE and TM) consist-
ing of only three vector quantities (instead of six) [88]. This simplication also reduces the
computation time. In this thesis, we have utilised both 2D and 3D FDTD simulations.
FDTD has several advantages over other electromagnetic modelling techniques [85, 87].
Because it is a time-domain method, a single simulation can provide results across a broad
frequency range. Also, the simulated electric and magnetic elds can be easily visualised in
space and time, which can be a helpful visual aid for understanding the simulation results.
FDTD is also relatively simple to implement and understand compared to other numerical
approaches.
In this thesis, we used FDTD simulations for various purposes, such as determining the re-
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ection coecients of nanowire end facets, calculating absorption cross-section of nanowires
and modelling far-eld emission pattern from nanowire lasers. To perform FDTD simulations
we used a commercially available software package provided by Lumerical, Inc [89]. In these
simulations, a geometrical model of the structure was rst constructed in the 3D CAD envir-
onment and material parameters were specied for each of the simulation objects. Sources
to excite electromagnetic waves and monitors to record the electromagnetic elds were then
added into the simulation region. The boundary conditions, simulation region dimensions
and mesh size were chosen accordingly to obtain accurate and reliable results (convergence
testing was performed to determine these values). Further description of the simulation con-
struction specic to each of the dierent simulations is provided in later chapters.
2.1.2 Finite-dierence eigenmode (FDE)
Finite dierence eigenmode (FDE) is a numerical technique for determining the guided modes
in a waveguide. It was rst developed by Zhu and Brown [90]. In the FDE method, the
waveguide structure is rst discretised on a 2D Yee mesh (similar to the Yee mesh in 2D-FDTD
simulations) using a nite dierence algorithm. Then Maxwell’s equations are formulated
into a matrix eigenvalue problem, and the equations are solved using sparse matrix techniques
to obtain the eective index and eld proles of the waveguide modes.
In this thesis, the FDE method was used to determine the guided modes supported in
nanowires. Simulations were performed using the software, Lumerical Mode Solutions [89].
Figure 2.1b shows a schematic illustration of the simulation set up. The cross-section shape
and structure of the nanowire was rst modelled in the CAD interface and then the FDE
solver was used to nd modes supported in the nanowire cross-section. In our research, we
initially simulated modes in a cylindrical nanowire surrounded by air, as Maxwell’s equa-
tions in this geometry can also be solved analytically (see Appendix A). This was necessary
for validating the simulation results, as well as for identifying the modes that were determ-
ined numerically. Later on, we simulated modes in more complex structures (which cannot
be determined analytically), such as nanowires lying on a substrate and nanowires with a
hexagonal cross-sectional shape.
2.2 Growth and structural characterisation
There are two general approaches for fabricating nanostructures: top-down and bottom-up.
The top-down approach is based on etching/milling/cutting away material from a bigger piece
to form nanostructures, while the bottom-up approach relies on self-assembly/crystal growth
to construct nanostructures from smaller building blocks. Both of these approaches have their
merits. The advantage of the bottom-up approach over the top-down approach is that it yields
nanostructures with smooth crystalline facets and so with fewer dangling bonds [91]. Since
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surface recombination can be a signicant issue in nanowires, fabricating nanowires with
high surface quality is necessary to reduce surface recombination and improve their opto-
electronic quality. For our experimental studies, we used nanowires that were grown using
the bottom-up approach. We note that the majority of the nanowire lasers demonstrated to
date have also relied on bottom-up fabrication methods [92].
In the following sections, we will discuss the bottom-up techniques that were used for
growing nanowires and the techniques used to study their morphology and composition.
2.2.1 Metal-organic Vapour Phase Epitaxy (MOVPE)
The bottom-up approach requires a substrate upon which semiconductor materials (in vari-
ous forms such as thin lms, QDs, nanowires, etc.) can be grown. The substrate acts as a
seed crystal and provides the direction for crystal growth. Typically, high-purity monocrys-
talline semiconductor wafers are used as substrates for growing high-quality semiconductor
materials. The substrate for epitaxial1 growth can be of the same chemical composition as
the materials to be grown (homo-epitaxy; for example growth of GaAs planar layer on GaAs
substrate) or can have a dierent chemical composition (hetero-epitaxy; for example growth
of AlGaAs planar layer on GaAs substrate).
Various techniques have been developed for the epitaxial growth of semiconductors. One
of the most commonly used techniques is metal-organic vapour phase epitaxy (MOVPE). In
MOVPE, the materials to be grown are mixed together in gaseous form and epitaxial growth
occurs as a result of a chemical reaction at the surface of the substrate. A schematic diagram
of a MOVPE system is shown in Figure 2.2 (adapted from [93]). To grow III-V semiconductors
(such as GaAs) using MOVPE, metal-organic precursors (such as trimethylgallium (TMGa))
are used as the group III source materials, and group V-hydrides (such as arsine (AsH3)) are
used as the group V source materials. The metal-organic precursors are typically liquid or
solid, while the non-metal hydrides are gases. In order to mix the two reactants together, hy-
drogen gas (H2) is used as a carrier gas and is bubbled through the metal-organic precursors.
The hydrogen gas picks up some of the metal-organic vapour and transports it into the re-
action chamber, where the reactant gases are mixed and crystal growth occurs. The amount
of metal-organic vapour transported depends on the rate of carrier gas ow and the bubbler
temperature, which are controlled and monitored during the growth. Typically, growth is
carried out at low pressures (0.5 - 760 Torr) and high temperatures (650-750 °C for GaAs). To
control the growth rate, the molar ow rate of the reactant gases, their stoichiometric ratio
(V/III ratio), and the growth temperature are usually varied. The total ow rate of the gases in
the reactor chamber and the pressure are kept constant, to maintain laminar ow and achieve
uniform growth.
1The process, where a crystalline material is grown on top of (or over) another crystalline material, and the
grown material bears a crystallographic relationship with underlying crystal, is referred to as epitaxy.
§2.2 Growth and structural characterisation 23
Figure 2.2: Schematic diagram of a metal-organic vapour phase epitaxy (MOVPE) system.
Reproduced from [93].
The nanowires used in our experiments were grown in a horizontal ow low pressure (100
mbar) MOVPE system (AIXTRON 200/4). In this type of reactor, the reaction chamber is in a
horizontal conguration (as shown in Figure 2.2), and the reactant gases ow laterally across
the semiconductor wafer on which epitaxial growth occurs. The growth wafers are placed
on a susceptor, which is able to accommodate multiple wafers. During growth, the susceptor
is rotated (at low speeds and using gas foil rotation [94]) to achieve uniform growth across
multiple wafers [93], and heated using an infrared heat source.
Next, we will discuss the two main techniques that were used to grow nanowires used in
this work.
2.2.1.1 Vapour-Liquid-Solid growth of nanowires
One of the well-established mechanisms to grow nanowires is the vapour-liquid-solid (VLS)
growth mechanism [95, 96]. As demonstrated in Figure 2.3, the growth requires metal nan-
oparticles to act as catalysts for nanowire growth. The rst stage of the process involves
placing metal nanoparticles on the growth substrate, either by randomly scattering them or
by dening them using lithographic techniques. The substrate with nanoparticles is then
placed in the MOVPE reactor. The source materials are introduced in vapour phase and the
growth temperature is ramped. In the presence of the reactant gases and the elevated temper-
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Figure 2.3: Illustration of vapour-liquid-solid (VLS) growth of nanowires. Au nano-
particles are rst deposited on the growth substrate prior to growth. The substrate is then
introduced into the reactor and is heated in the presence of reactant gases. Under these
conditions the solid metal nanoparticles melt and form a eutectic with group III adatoms.
The source materials adsorbed in the metal nanoparticle then crystallise at the liquid/solid
interface, resulting in nanowire growth.
atures, the solid metal nanoparticles melt and source materials are adsorbed into the liquid
droplet, forming a liquid eutectic alloy. Then once supersaturation is achieved, the source
materials precipitate out from the liquid droplet at the liquid/solid interface. This results in
the steady unidirectional crystal growth: from vapour to liquid to solid phase.
2.2.1.2 Selective-Area growth of nanowires
Selective-area epitaxy (SAE) of nanowires uses an oxide mask to dene areas where nanowires
can grow [97]. The growth substrate is rst coated with an oxide (for example SiO2) and holes
are patterned into the oxide mask using lithography. The patterned substrate is then placed
in the MOVPE reactor and nanowires are grown epitaxially from these openings.
Figure 2.4 illustrates the process ow for SAE growth of nanowires, which was used for
growing the InP nanowires discussed in this dissertation. The nanowires were grown on
patterned (111)A InP substrates. For patterning the substrates, 30 nm SiO2 mask layer was
rst deposited on the substrate and then electron beam lithography (EBL) was used to pat-
tern hexagonal array of circles. The pattern was etched into the SiO2 mask using buered
hydrogen uoride (BHF) solution. A further trim etch step using phosphoric acid solution
was used to remove a thin layer of the exposed InP within the etched holes. The patterned
substrate was then loaded into the MOVPE reactor and annealed prior to growth, in order to
remove any impurities on the patterned substrate. The rates of axial and radial growth were
controlled by the V/III ratio and the growth temperature. The diameter of the nanowires was
controlled by varying the lithographically dened pattern (diameter of holes and pitch of the
array).
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Figure 2.4: Illustration of selective-area epitaxy (SAE) growth of nanowires. A thin oxide
layer is rst deposited on the growth substrate. Holes are patterned into the oxide layer
using electron-beam lithography. The patterned growth substrate is then inserted into
the reactor and growth conditions are chosen to favour axial growth, resulting in the
formation of nanowires.
2.2.2 Scanning Electron Microscopy
Microscopes are a powerful tool to visualise structures that cannot be seen with the naked
eye. The resolution limit of a microscope depends on the wavelength of the illumination
source and is limited by diraction. Optical microscopes use visible light as the illumina-
tion source whereas electron microscopes use a beam of electrons as the illumination source.
Since the wavelength of the electron beam (given by the de Broglie wavelength) is signic-
antly smaller than the wavelength of photons, electron microscopes can achieve signicantly
higher spatial resolution (as well as higher magnication and better depth of eld) than op-
tical microscopes. Electron microscopes are therefore essential for visualising structures, such
as nanowires, that cannot be accurately resolved using optical microscopes because of their
small dimensions.
To form an image with an electron microscope, a beam of electrons is produced by an elec-
tron gun, and magnetic lenses are used to focus the beam down towards the sample. Various
signals are then generated from the interaction of the electron beam with matter, as shown
in Figure 2.5. These signals provide valuable information on composition and morphology
of the sample and can be detected using specialised detectors that are tted to the micro-
scope. In a scanning electron microscope (SEM), the electron beam is raster scanned across
the sample, and the electrons emitted/reected from the sample (such as secondary electrons
or backscattered electrons) are detected. A grey scale image of the sample is then formed
as per the intensity of the signal detected. The intensity of backscattered electrons depends
on the elemental composition (atomic number), and so the image formed by detecting backs-
cattered electrons highlights dierences in elemental composition across the sample. On the
other hand, the intensity of secondary electrons emitted from the surface of the sample de-
pends on the shape and topography of the sample surface. Hence, by detecting secondary
26 Numerical and experimental techniques
Figure 2.5: Interaction of a focused high energy electron beam with matter.
electrons, a high-resolution image2 of the sample surface can be generated, which can be
used for characterising size and morphology of the sample.
One of the requirements for imaging samples using SEM is that the samples must be con-
ductive (to prevent charging). For non-conductive samples this can be achieved, for example,
by coating the sample with a thin layer of metal to improve conductivity. However, coating
the entire sample with metal can make it unsuitable for further experimentation (because the
coating cannot be removed). In our experiments, we used electrically conductive low index
substrates and so did not require a metal coating for imaging samples in a SEM (see Section
2.4).
2.2.3 Transmission Electron Microscopy
Another important electron microscopy technique is transmission electron microscopy (TEM),
which detects the transmitted electrons from the sample. This technique requires the sample
to be very thin (30 - 100 nm) and the accelerating voltage to be quite large (100-300 kV), in
order to detect a strong transmitted signal. The basic principle of TEM is similar to trans-
mitted light microscopy, where the sample is illuminated from one side and the diracted
light (passing through the other side of the sample) is focused by lenses to form an image.
However, instead of using light and glass lenses, an electron beam and electromagnetic lenses
are used for illumination and image formation in TEM, respectively. Also, instead of viewing
the image directly with an eyepiece, as in a light microscope, the image is projected onto
a uorescent screen for viewing or detected by a sensor, such as a charged coupled device
(CCD).
2The minimum resolution of a SEM is limited by the interaction volume (or penetration depth) of the electron
beam within the sample, which can be fairly large compared to the wavelength of electrons. The best image
resolution achieved in secondary electron imaging mode is approximately 1 nm.
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There are two main imaging modes in TEM. The diraction mode provides the diraction
pattern of the scattered electrons from the sample and is used for characterising the crystal
structure/orientation of the sample being studied. The other mode is the imaging mode, which
provides a high resolution (even atomic scale resolution) image of the sample. There are
other modes as well, which detect dierent transmitted signals (such as elastically scattered
or inelastically scattered electrons) that are scattered at various angles from the sample. For
example, in the high-angle annular dark eld (HAADF) imaging mode, inelastically scattered
electrons that are scattered at high angles are detected using an annular shaped detector.
This imaging mode is highly sensitive to variations in the atomic number, and so the HAADF
images can be used to identify compositional variance in the sample. The samples can then
be analysed further using energy-dispersive X-ray (EDX) spectroscopy to characterise the
material composition. HAADF images and EDX mapping are often performed with a focused
electron beam that is raster scanned across the sample - the technique is known as scanning
transmission electron microscopy (STEM).
While TEM is a powerful tool for characterisation of materials, it can only be used to
study samples that are very thin. Thus, one of the main diculties/challenges with TEM is
sample preparation, which can be a complex and time-consuming process. Below, we will
discuss our methodology for preparing thin cross-sections of nanowires for TEM analysis.
2.2.3.1 Microtomy of nanowires
Microtomy is a TEM sample preparation method, where the sample is rst embedded in an
epoxy resin, and the block of resin containing the sample is then cut into ultra-thin slices
with a diamond knife (in an instrument called ultramicrotome). In this thesis, microtomy
was used to prepare ultra thin (~30 nm) cross-sections of nanowires for TEM analysis. This
process involved rst embedding the nanowires in a resin and then baking it at 70 °C for over
24 hours to allow the resin to completely solidify. The substrate was then removed by dipping
the epoxy block into liquid nitrogen for a few seconds. The face of the epoxy block with the
embedded nanowires was trimmed to a small isosceles trapezium and then cut into 30 nm
thick slides using ultramicrotome (Leica EM UC7) and a diamond knife (DiATOME ultra 45°).
The slices from the middle section of the nanowires (about 2-2.5 µm above from the base)
were then transferred onto copper grids for TEM analysis.
2.3 Optical characterisation
Assessing the optical quality of the gain material is an important part in developing a laser,
since high optoelectronic quality is required for low threshold lasing. In this dissertation, we
utilised optical spectroscopic techniques, such as microphotoluminescence (µ-PL) and time-
resolved photoluminescence (TRPL) spectroscopy, to assess the optoelectronic quality of the
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nanowires that were grown. These techniques are non-destructive, and thus allow repeated
measurements or further experiments to be performed on the same sample. These techniques
are also very time-ecient, and allow quick examination of multiple samples. We will discuss
these techniques in further detail below.
2.3.1 Microphotoluminescence spectroscopy
The basic principle underlying photoluminescence (PL) spectroscopy is the measurement and
analysis of PL. PL refers to the emission of photons from a material due to excitation by an
optical source. As explained in Chapter 1, in a semiconductor, charge carriers (electron-hole
pairs) can be generated as a result of absorption of photons that have energy larger than
the material band gap. Carriers can then recombine radiatively, via spontaneous emission
(SE), resulting in the generation of PL. The intensity of PL emission depends on the radiative
eciency (or QE) of the semiconductor material, while the peak position and shape of the PL
spectrum depends on several factors such as band gap, crystal structure, purity (presence of
dopants or impurities), quantum connement, carrier/lattice temperature and carrier density.
Thus, by studying the shape and intensity of the PL spectrum, detailed information about the
band gap and material quality of the sample can be obtained.
To study PL emission from individual nanostructures, the excitation source needs to be
focused to a small spot that is comparable to the size of the nanostructure being examined.
This can be achieved by conducting PL measurements in an optical microscope (this technique
is known as µ-PL spectroscopy). The spatial resolution in an optical microscope depends on
the numerical aperture (NA) of the objective lens, and is given by the Rayleigh criterion
1.22λ/(2NA). For a ×100/0.9 NA objective lens, the spatial resolution is around 0.3 − 0.5
µm for wavelengths in the visible range. Thus, by using a high magnication objective lens,
with a large NA, individual nanowires can be spatially resolved and the excitation light can
be focused down to sub-micron size area, enabling the PL from individual nanowires to be
characterised.
The single nanowire PL measurements discussed in this dissertation were carried out us-
ing a home-built µ-PL system. A schematic diagram showing the layout of the optical system
is shown in Figure 2.6. A pulsed solid-state laser (femtoTRAIN IC-Yb-2000, λ = 1044 nm,
repetition rate 20.8 MHz, pulse length 400 fs), which was frequency doubled to 522 nm, was
used for optical excitation. The sample was placed under the microscope (on an electronically
controlled translation stage) and individual nanowires were excited through a high magnic-
ation objective lens (×60/0.7 NA aberration-corrected long-working-distance objective lens
(Nikon CFI Plan Fluor) or ×100/0.9 NA objective lens (Nikon LU Plan)). The resulting emis-
sion was collected through the same objective lens and was spectrally ltered to remove the
laser wavelength. For spectral measurements, the collected light was focused onto the en-
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trance slit of a spectrometer (Acton, SpectraPro 2750) equipped with a grating (150 lines/mm
or 1200 lines/mm) and spectral data was recorded using a CCD (Princeton Instruments, PIXIS)
that was attached to the spectrometer.
The optical system shown in Figure 2.6 was used for multiple purposes (other than spec-
tral measurements). Various components were added to the system in order to facilitate
time-resolved, spatially-resolved, polarisation-resolved and angle-resolved measurements to
be made. We will discuss these components in further detail in the following sections.
2.3.2 Time-resolved photoluminescence spectroscopy
Time-resolved photoluminescence (TRPL) spectroscopy is a contactless method that can be
used to determine recombination rates (or lifetime) in semiconductor materials and devices
[98]. In TRPL spectroscopy, the sample is excited by a short light pulse and the resulting PL
emission is measured as a function of time after excitation. Since PL emission from the mater-
ial depends on the recombination rates of radiative and nonradiative processes, by analysing
the transient decay of the PL signal, the lifetime of various recombination processes can be
estimated. In this dissertation, TRPL spectroscopy was used to characterise the material qual-
ity of nanowires and estimate their QE. For TRPL measurements, a femtosecond pulsed laser
(20.8 MHz repetition rate, 400 fs pulse width) was used for excitation, and a time-correlated
single photon counting (TCSPC) system was used to measure the time interval between ex-
citation and PL emission. These components are shown in Figure 2.6.
To measure the PL decay using TCSPC technique, the excitation laser pulse was rst split
into two beams with a beam splitter. The rst beam was detected by a photodiode (PD) and
provided the time reference for the photon counting, while the second beam was used to
excite PL from the sample. The PL emission from the sample was spectrally resolved using
a spectrometer, and the PL signal (at a particular wavelength) was directed towards a single-
photon avalanche diode (SPAD) that was mounted to the spectrometer. The rst photon
detected by the SPAD after each excitation of the sample was registered by a timing unit
(Picoharp 300). The process was repeated over several cycles of the excitation laser, and a
histogram of PL counts as a function of time was compiled. The emission lifetime was then
extracted by tting an analytical function to the TRPL data. The time-resolution provided by
our TCSPC system was around 30 ps, with a maximum range of 50 ns.
2.4 Laser characterisation
As discussed in the previous chapter, semiconductor nanowires can provide both the gain
medium and optical cavity that are essential for lasing - the semiconductor material provides
gain when it is pumped (optically or electrically), and individual nanowires can function as
standalone optical cavities, provided they are surrounded by a lower refractive index medium
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Figure 2.6: Schematic diagram showing the layout of the optical system that was used
for optical characterisation of single nanowires. A frequency-doubled femtosecond pulsed
laser (green) was used as the excitation source. A half waveplate was used to make the
incident laser linearly polarised in the y-direction (with respect to the motion of the trans-
lation stage) and the incident power was controlled by a computer-controlled variable
neutral density lter wheel. The emission from the sample (dark red) was detected using
a spectrometer (for imaging and spectral information), or a single photon avalanche diode
and a time-correlated single photon counting system (for lifetime data), or two dierent
CCD cameras (one for focal plane and the other for Fourier plane imaging). Various op-
tical components (lenses, mirrors, polarisers) in the system were mounted on ip mounts,
to make it easy to interchange between the dierent detectors on the optical table.
on all sides. We note that the as-grown nanowires cannot serve as standalone optical cavities
because they are in direct contact with the growth substrate, which has the same refractive
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index. One of the ways to form the optical cavity required for lasing is to transfer nanowires
from the growth substrate onto low index substrates (which is the method we adopt in this
thesis). By transferring nanowires onto low index substrates, both end facets of the nanowire
are exposed to air and the nanowire can function as a F-P type optical cavity. A low index
substrate also facilitates photonic modes to be well conned within the nanowire (both optical
connement and reection from end facets depend critically on the index contrast between
the nanowire and surrounding medium). In this section, we will discuss the transferring of
nanowires onto low index substrates in further detail, and discuss the techniques that were
used for characterising lasing and the lasing modes in nanowires.
2.4.1 Sample preparation
For all optical measurements (including PL, TRPL and lasing experiments), nanowires had
to be isolated from the growth substrate and transferred onto a dierent substrate that was
transparent to the excitation laser (or did not emit PL). This was necessary for obtaining emis-
sion that was from the nanowires alone, and not from the substrate or any other luminescent
material. In this thesis, we used indium tin oxide (ITO) coated SiO2 substrates (with ~200 nm
thick ITO coating) for all our optical measurements. These substrates were transparent to the
excitation laser, and were suitable for lasing experiments because of their low refractive index
(nITO ~1.7 and nSiO2 ~1.48 at 870 nm). In addition, because of the high electrical conductivity
of ITO layer, the transferred nanowires could be easily imaged in a SEM to measure their di-
mensions. To prepare the samples for optical measurements, the ITO coated substrates were
rst patterned with markers and then nanowires were transferred onto these substrates, as
discussed below.
2.4.1.1 Adding markers
The ITO-coated SiO2 substrates were patterned with Au markers, to make it easier to identify
individual nanowire lasers. This enabled dierent optical measurements to be performed on
the same nanowire, and the dimensions of the nanowire laser to be measured using SEM after
the optical experiments3. The markers were fabricated using photolithography as described
below.
Photolithography of Au markers ITO-coated SiO2 substrates were rstly cleaned using
acetone and then rinsed using isopropanol (IPA). Substrates were then blow-dried on a lter
paper and placed in an oven at 80 °C for 10 min to evaporate the organic solvents. The cleaned
substrates were then placed on a spinner with the ITO-coated side facing up (the ITO side was
3The SEM images had to be taken after all the optical experiments were completed, because exposure to the
electron beam aected the optoelectronic quality of the nanowires.
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Figure 2.7: Optical image of the ITO-coated SiO2substrate with Au markers, taken at 5×
magnication (a) and at 100× (b). Individual nanowires that are dispersed on the substrate
can be seen under high magnication. The nanowires are suciently spaced apart so that
individual nanowires can be optically pumped.
identied by measuring conductivity using a multimeter). Few drops of hexamethyldisilazane
(HMDS) was rst spin-coated at 3000 rpm for 30 sec. The purpose of HMDS was to improve
the adhesion between the substrate and the photoresist. Following the spin-coating of HMDS,
a positive photoresist (ma-P 1210) was spin-coated onto the substrates at 3000 rpm for 30 sec.
The coated substrates were then removed from the spinner and baked in an oven at 100 °C
for 15 min, in order to semi-harden the photoresist.
After baking, substrates were placed underneath a photo mask (dened with a square
grid pattern) in a mask-aligner (Karl-Suss MA/BA6), and exposed to a UV source for 20 sec.
After exposure, substrates were developed for 45-60 sec using a positive resist developer (ma-
D 531). The developing time was carefully monitored and substrates were inspected in an
optical microscope to ensure that the grid pattern had been well formed across the entire
sample.
After developing, the substrates were placed in an electron beam evaporator (Temescal
BJD-2000 E-beam/Thermal Evaporator system) and 2 nm of Ti followed by 20 nm of Au was
deposited on top of the patterned photoresist. Ti was deposited for improving adhesion of
Au to the dielectric substrate. After metal deposition, substrates were placed in acetone and
the photoresist was completely removed, leaving behind the Au markers. Optical images of
a patterned substrate are shown in Figure 2.7.
2.4.1.2 Transferring nanowires from growth substrate
Nanowires were transferred from the growth substrate onto low index substrates for optical
measurements using the following two approaches. In both these approaches, the placement
of the nanowires is random, and cannot be precisely controlled (for example, see Figure 2.7b).
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Mechanical transfer To transfer nanowires, the growth substrate with nanowires can be
directly rubbed against the low-index substrate. This approach typically results in a high
density of nanowires that are transferred. By rubbing the sample carefully in one direction,
the majority of the transferred nanowires can also be aligned in the same direction. Another
way to mechanical transfer nanowires is to use a lter paper, that is cut into a sharp pointed
shape. The sharp tip of the lter paper is rubbed against the nanowires on the growth sub-
strate and then rubbed onto the low-index substrate. Although this approach results in very
low density, the advantage of this method is that nanowires from a specic location on the
growth substrate can be picked up and transferred.
Sonication Sonication uses ultrasound vibrations to break nanowires from the growth sub-
strate. A sample of the growth substrate with nanowires is placed in a small glass tube with
few mL of IPA. The tube is then submerged in a water bath in the sonicator (Unisonics ut-
rasonic cleaner FXP8M) and sonicated for 20 -30 sec. The nanowires dispersed in IPA are
then transferred onto the low-index substrates in solution. This approach typically results in
low-medium density of transferred nanowires. The main advantage of this approach is that
the tapered bases or bulky heads on nanowires, both of which are not ideal for the optical
cavity, can be removed in this transfer process (see Figure 4.13 in Chapter 4).
2.4.2 Optical pumping
The optical pumping technique was the rst method by which lasing phenomenon was ob-
served in various materials, and is still an important mechanism for the operation of many
lasers that are used today. In optical pumping, the carrier density to achieve population inver-
sion is achieved by photo-excitation. In this thesis, we used the optical pumping technique to
characterise lasing from various III-V semiconductor nanowires. A schematic of an optically
pumped nanowire laser is shown in Figure 2.8.
The optical pumping experiments were carried out in the same optical system as used for
PL measurements (see Figure 2.6). However, to achieve uniform carrier density and hence
uniform gain throughout the nanowire, the excitation spot size was enlarged to cover the
entire nanowire. This was achieved by inserting a spherical lens in the incoming beam path-
way (between the variable neutral density lter (VND) and dichroic mirror (DCM) shown in
Figure 2.6). Without the defocusing lens, the focal spot diameter was <1 µm with ×60/0.7 NA
objective lens, however with the defocusing lens (f = 200 mm), the excitation spot diameter
was broadened to 13.5 µm. A dierent defocusing lens (f = 500 mm) was also used for some
experiments. With the defocusing lens (f = 500 mm), the excitation spot diameter was approx-
imately 5 µm with the ×100/0.9NA objective lens. The excitation spot diameter (or spot size)
was measured from optical images of the illuminated sample (the nanowire length, which was
measured accurately using SEM images, was used as a reference for these measurements).
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Figure 2.8: Schematic illustration showing a single nanowire lying on a SiO2 substrate be-
ing optically pumped. The excitation spot is broad so that the entire nanowire is pumped.
Adapted from [51].
While the majority of the optical pumping experiments discussed in this dissertation were
performed at room temperature, some experiments were also conducted at low temperature.
This was necessary for characterising lasing in samples where lasing was not feasible at room
temperature. Low temperature measurements were also used as the rst step before testing
for lasing at room temperature. The low temperature measurements used a He-cooled cryo-
stat (Janis research) with a 0.019 inch thick chemically polished 0° sapphire window, through
which the samples were optically excited and emission collected. Because of the height of
the cryostat and the sapphire window, the aberration-corrected ×60/0.7 NA long-working-
distance objective lens was used for low temperature measurements. By correcting for spher-
ical aberration, the nanowires could be better resolved in the optical images (the thickness of
the sapphire window was used as a guide to adjust the correction collar of the objective lens).
2.4.3 Far-eld imaging techniques
The far-eld emission pattern from a nanowire laser can be used to characterise the lasing
mode. In our experiments, we imaged the far-eld pattern from nanowire lasers using two
approaches - the focal plane was imaged to get the spatially resolved far-eld pattern and the
back focal plane (or Fourier plane) was imaged to obtain the angle-resolved far-eld pattern
(the focal and back focal planes are illustrated in Figure 2.9). In both these approaches, the
nanowire was optically pumped and a lter was used to remove the excitation wavelength to
ensure that the image corresponds to the emission from the nanowire alone.
To image the focal plane, we used the imaging camera in the µ-PL setup as well as the spec-
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Figure 2.9: Diagram showing the positions of the focal plane and back focal plane in the
optical microscope. The sample is placed at the focal plane. Images of the focal plane and
back focal plane were used to study the far-eld emission pattern from nanowire lasers in
experiments.
trometer CCD (using the 0th order of the grating). The spectrometer CCD (Acton, SpectraPro
2750 and Princeton Instruments, PIXIS) allows for capturing images with higher dynamic
range, thus enhancing image quality. We were able to achieve images with high dynamic
range by taking multiple images with varying acquisition time and then combining the im-
ages appropriately. ND lters were also used to extend the dynamic range.
To image the back focal plane of the objective lens, we modied the µ-PL setup by in-
stalling an additional camera (Nikon DS-5Mc) and lens (f = 250 mm), as shown in Figure 2.6.
The placement of the camera and lens were such that the image recorded had 1:1 correspond-
ence with the image formed at the back focal plane of the objective lens.
Furthermore, we placed a linear polariser in front of the spectrometer (for focal plane
images) and camera (for back focal plane images) to obtain polarisation dependent images.
The polariser was rotated to resolve the emission pattern under two dierent orientations,
parallel and perpendicular to the nanowire axis. The emission pattern formed under dierent
polarisation was then used to identify the lasing mode(s). This technique is further detailed
in Chapter 5.
36 Numerical and experimental techniques
Chapter 3
GaAs nanowire lasers
3.1 Introduction
Gallium Arsenide (GaAs) is the most widely studied and used III-V semiconductor material for
planar optoelectronic devices. The rst semiconductor lasers invented over 50 years ago were
made of GaAs, and since then, the development of GaAs-based lasers has led to signicant
commercial applications. GaAs-based lasers operate in the near infrared region, which is an
important spectral region for short-distance optical data communication. Therefore, reducing
the dimensions of lasers, particularly of GaAs lasers, will enable the development of faster
communication systems. GaAs nanowires are an excellent means to realise this potential, and
so have been intensively studied over the past 15 years. However, obtaining light emission, let
alone lasing, from GaAs nanowires had been a signicant research challenge (despite GaAs
being a direct band gap material). This is because of the high surface recombination velocity
of GaAs and the large surface-to-volume ratio of nanowires, which leads to very large surface
recombination in GaAs nanowires. This issue had limited the progress of GaAs nanowire
lasers, and despite intense research eorts, lasing had only been possible in GaAs nanowires
at low temperature [48] prior to this work.
In our experiments, we were able to overcome this challenge and demonstrated lasing
with nanowires in this material system at room temperature [51]. We were able to achieve
this by optimising the cavity design and by improving the optoelectronic quality of GaAs
nanowires by surface passivation. In this chapter, we will discuss the design and demonstra-
tion of room-temperature GaAs nanowire lasers in detail.
3.2 Design of a GaAs nanowire laser
Design is an integral part of developing a laser and is essential for optimising its performance.
Here we will investigate the design of GaAs nanowire lasers for the sole aim of achieving
room temperature lasing. The focus of this study will be to determine the optimum nanowire
dimensions to minimise threshold gain and to evaluate whether this threshold gain can be
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obtained by optically pumping the nanowires at room temperature, since lasing will not be
possible if the threshold optical pump power exceeds the thermal vaporisation limit of the
nanowire.
For the design, let us consider a cylindrical GaAs nanowire lying horizontally on a low
index, transparent substrate (SiO2), as shown in the inset of Figure 3.1a. In this conguration,
there is a large index contrast at both ends of the nanowire, and the nanowire behaves as a
F-P cavity for guided modes that propagate along the nanowire axis [5, 6]. A low index, non-
absorbing substrate is necessary to maximise mode connement to the nanowire (to obtain
larger modal gain) and minimise optical losses due to absorption in the substrate; both of
which are necessary to minimise the threshold gain of the nanowire laser.
We note that we have modelled the nanowire as a cylinder, although the GaAs nanowires
that we use for experiments have hexagonal cross-sections. This simplication is justied
by previous studies [99], which have shown mode properties to be very similar between
nanowires with hexagonal and circular cross-sections, provided their cross-section areas are
equal. We also note that in experiments we use ITO coated SiO2 substrates whereas in the
modelling we neglect the thin ITO coating. This simplication does not have a signicant
eect on the overall design because the index of the ITO layer is low (n ~1.7 at 870 nm) and
its thickness (~200 nm) is less than λ/2n.
3.2.1 Nanowire guided modes
Semiconductor nanowires, due to their wire-like geometry and high refractive index, can
guide photonic modes along their axis. The guided modes supported in a free-standing
cylindrically-shaped nanowire (surrounded by a low index homogeneous medium, such as
air, on all sides) can be determined analytically (see Appendix A). However, for nanowires
lying on a low index substrate, the substrate breaks the cylindrical symmetry, and guided
modes have to be determined using numerical methods (see Chapter 2). We used Lumerical
MODE Solutions to calculate the guided modes supported in a cylindrical GaAs nanowire
lying on a SiO2 substrate.
For the MODE simulations, the cross-section index prole of the waveguide structure was
rst modelled in the CAD interface, using the refractive index of GaAs (3.63) and SiO2 (1.48)
obtained from Palik [100]. The nanowire was placed at the centre of the simulation region,
and the substrate dimensions were chosen such that it extended far beyond the simulation
boundary. The span of the simulation region was set to 2 µm in each direction (the simula-
tion region had to be larger than the mode wavelength in order to obtain accurate results) and
metal boundary conditions were used in order to improve computational eciency [101]. A
conformal mesh was used to mesh the structure, and a ner mesh was used for the nanowire,
in order to accurately resolve the circular cross-section shape. The mode wavelength was
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specied to be 870 nm, as this corresponds to the band-edge emission of GaAs at room tem-
perature. All simulations were performed at this wavelength, however the diameter of the
nanowire was varied in order to determine the guided modes supported in dierent diameter
nanowires.
The graph of mode eective index as a function of nanowire diameter, for a GaAs nanowire
lying on a SiO2 substrate, is shown in Figure 3.1a. The mode eective index (neff ) is dened
as neff = kzk0 , where k0 is the wavenumber in free-space and kz is the wavevector in the axial
direction. The guided modes have a neff that is between the index of the nanowire and the
substrate. Near the mode cut-o diameter1, the neff is close to the index of the substrate and
the modes are weakly conned within the nanowire. As the nanowire diameter increases,
neff increases, and the modes are better conned within the nanowire. The number of guided
modes supported in the nanowire also increases with diameter. We note that there are no
guided modes supported for nanowire diameters below 150 nm in this structure.
To identify the various modes calculated from simulations, we calculated the guided
modes supported in a free-standing GaAs nanowire (by solving Maxwell’s Equations ana-
lytically). The neff versus diameter for guided modes in a free-standing GaAs nanowire is
also presented in Figure 3.1a. The guided modes supported in a nanowire lying on a sub-
strate and a free-standing nanowire have similar neff (and eld proles), especially far away
from cut-o, and so we identify the modes using similar names. The naming convention for
guided modes in a cylindrically symmetric waveguide is as follows: the rst two letters refer
to the mode type - hybrid modes (HE or EH), transverse electric (TE) and transverse mag-
netic (TM); and the second two numbers describe the angular symmetry and radial order of
the modes, respectively [102]. However, the hybrid modes in a nanowire lying on a substrate
are no longer degenerate, and so two additional letters are required for them. Here we have
used the subscript letters ‘a’ and ‘b’ to refer to dierent polarisations of the same hybrid mode,
with ‘a’ referring to the mode with the higher eective index.
The electric eld intensity proles of guided modes supported in a 300 nm diameter GaAs
nanowire lying on a SiO2 substrate is shown in Figure 3.1b. The modes are shown in order of
decreasing eective index. The HE11a,b and TE01 modes, which are far away from cut-o, are
well conned in the nanowire. In comparison, the HE21a,b and TM01 modes, which are close
to their cut-o, have large evanescent elds and are weakly conned within the nanowire.
We note that the eld proles of the modes near cut-o can be quite dierent to their eld
proles in a free-standing nanowire, as a result of the evanescent elds being pulled towards
the substrate.
Lastly, we note that the number of guided modes in the nanowire and their connement
within the nanowire is also dependent on the index of the substrate. As shown in Figure 3.1a,
without the substrate, the modes have smaller mode cut-o diameters than with the substrate.
1Diameter below which the modes are no longer guided in the structure.
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Figure 3.1: a. Dispersion relation at 870 nm for guided modes supported in a GaAs
nanowire lying on SiO2 substrate (solid lines) and free-standing GaAs nanowire surroun-
ded by air (dashed lines). The index of the nanowire is 3.63 and of the substrate is 1.48.
Inset shows a schematic of the nanowire-on-substrate geometry. b. Electric eld intensity
prole of modes supported in a 300 nm diameter GaAs nanowire lying on SiO2 substrate.
It is evident from the graph that a higher index substrate than SiO2 will impose larger cut-
o diameters for all modes and will also require larger diameters for obtaining strong mode
connement within the nanowire. This re-emphasises the need to use low-index substrates
for achieving lasing in nanowires.
3.2.2 Threshold gain modelling
As discussed in Chapter 1, the threshold condition for lasing requires that the round-trip
modal gain be equal to the round-trip loss, and is given by Equation 1.2. In nanowire lasers,
the mirror loss at the end facets is generally much larger than the intrinsic loss (αm  αi)
[6] and so the threshold gain can be modelled using:
Γgth ∼ 1L ln
1
R
(3.1)
where L is the nanowire length (cavity length) and R =
√
R1R2 is the geometric mean of
the mode reectance (R1,2) at both end facets. This is a valid approximation, particularly
for nanowire lasers with no absorbing passive regions and where self-absorption within the
nanowire or absorption by the surrounding medium (such as the substrate) is negligible.
These conditions are satised for a GaAs nanowire lying on a SiO2 substrate; the entire
nanowire provides uniform gain and the substrate is transparent. Hence, we use Equation
3.1 to model the threshold gain. In order to do so, we rst determine Γ and R for the various
guided modes.
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3.2.2.1 Mode connement factor
The mode connement factor (Γ) for a dielectric waveguide is given by:
Γ =
cε0n
∬
active
1
2 |E|2 dxdy∬
1
2Re [E ×H∗] · zˆ dxdy
(3.2)
where E and H are the complex electric and magnetic elds of the propagating modes, re-
spectively, c is the vacuum speed of light, ε0 is the vacuum permittivity, and n is the refractive
index of the gain medium (at the mode wavelength λ0). The integral in the numerator is over
the active region only, whereas the integral in the denominator is across the entire transverse
plane of the waveguide. The numerator in the equation represents the overlap of the mode
intensity prole with the active region and the integral in the denominator represents the
total power ow in the waveguide. From Equation 3.2, it is straightforward to see that a large
mode overlap with the active region is necessary to achieve a large Γ. Thus, the nanowire
diameter must be suitably large to ensure that modes are well conned within the nanowire.
We used Equation 3.2 to calculate Γ for each guided mode supported in the nanowire.
Guided modes were numerically evaluated using Lumerical MODE Solutions and Γ was cal-
culated from the simulated eld proles. Figure 3.2a shows Γ for various modes as a function
of nanowire diameter (at a xed wavelength of 870 nm). Interestingly, Γ is larger than 1 for
all modes. This phenomenon is a result of strong waveguiding behaviour in semiconductor
nanowires, which is a consequence of the large index contrast and their small transverse
dimensions [4]. Equation 3.2 for Γ can also be re-written as [4]:
Γ =
ng
n
∬
active we dxdy∬
waveguide
1
2 (we + wm) dxdy
=
ng
n
Γ0 (3.3)
where we and wm are the energy density in the electric and magnetic elds, ng is the group
index of the propagating mode and Γ0 is the ratio of energy in the active region to the energy
in the entire waveguide. In this form it is easy to understand the physical reason for Γ > 1.
For waveguides with weak waveguiding, the prefactor ngn is approximately 1. However in
nanowires, ngn can be signicantly larger than 1, thus leading to Γ > 1. Large Γ, as noted
before, is benecial for reducing gth.
Another interesting observation in Figure 3.2a is that each mode has an optimal diameter
to maximise Γ. The maximum generally occurs near the mode cut-o, at diameters close
to where ng is also maximised. However, for the TM01 and HE21b modes, Γ is actually a
maximum at the cut-o diameter (~300 nm). This is because the fraction of mode power
contained in the nanowire (or equivalently Γ0) is not zero for these modes at their cut-o2,
which is evident from their mode proles shown in Figure 3.1b. We also nd that ng for TM01
2For other modes, Γ falls of rapidly near cut-o because Γ0 tends towards zero.
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Figure 3.2: a. Mode connement factor versus nanowire diameter for various guided
modes in a GaAs nanowire lying on SiO2 substrate. A schematic of the modelled struc-
ture, with Au nanoparticle on one end, is shown in the inset. b. Mode reectance from
nanowire/air interface (solid line) and nanowire/Au interface (dashed line), calculated
from FDTD simulations. The data is also presented as a function of the nanowire dia-
meter. c. Threshold gain of supported modes versus nanowire diameter, calculated using
data from a and b, and using Equation 3.1 with L = 6 µm.
and HE21b modes is large near cut-o, around 9.5 and 10 respectively, whereas away from
their cut-o, for example in a 400 nm diameter GaAs nanowire, the group index is 6.5 and
6.4, respectively. The large ng near cut-o is also the reason for the large Γ observed for these
modes.
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3.2.2.2 Mode reectance
Since the GaAs nanowires used for our experiments were grown using Au nanoparticle cata-
lysts (see Figure 3.6), one end of the nanowire was modelled with a hemispherical Au nan-
oparticle and the other end was modelled to be planar and perpendicular to the nanowire
axis, as shown in the inset of Figure 3.2a. The mode reectance at the nanowire/air interface
and nanowire/Au interface was calculated from FDTD simulations, using Lumerical FDTD
Solutions. The material parameters for Au were taken from Johnson and Christy [103] and
the material parameters for GaAs and SiO2 were taken from Palik [100]. Only the real part
of the refractive index was specied for the nanowire, in order to avoid complications due to
absorption. The simulations were performed at a xed wavelength of 870 nm.
To determine the reectance from one end facet, the nanowire was modelled as a semi-
innite cylinder in the 3D-FDTD simulation, with only one end being terminated within the
computational domain. The computational domain was 1.6 µm wide in each direction and
was surrounded by a perfectly absorbing layer (known as perfectly matched layer (PML)
boundary) to prevent unwanted reections. The nanowire was placed equidistant from the
PML boundary in the transverse plane and the terminating end facet of the nanowire was
situated 0.4 µm from the closest PML boundary. A non-uniform conformal mesh, which was
nely graded in regions of higher refractive index, was used to mesh the structure. A ne
mesh, with a mesh size of 4 nm, was also used across the nanowire end facet in order to
accurately resolve the interface. An even ner mesh, with a mesh size of 2 nm, was required
for the nanowire/Au nanoparticle interface. Guided modes were injected along the nanowire
towards the end facet and the reected optical elds were measured using a power monitor
(situated behind the plane of the injected mode source).
The mode reectance was calculated by taking the product of the power transmitted
through the monitor and the overlap integral of the measured elds with the launched mode.
This was necessary because other guided modes of the same azimuthal dependence and fre-
quency could be excited upon reection from the end facet [5, 6, 99]. The overlap integral
between two propagating modes (mode1 and mode2) is dened as:
Φ =

(∬
Re
[
E1 ×H∗2
] · zˆ dxdy) (∬ Re [E2 ×H∗1] · zˆ dxdy)(∬
Re
[
E1 ×H∗1
] · zˆ dxdy) (∬ Re [E2 ×H∗2] · zˆ dxdy)
 (3.4)
The overlap integral represents the fraction of power from mode2 that can propagate in
mode1 [102] and so the mode reectance calculated represents the fraction of power that
is reected back into the original mode.
The mode reectance was calculated at various nanowire diameters, and is shown in Fig-
ure 3.2b. For all modes, the reectance is low near the mode cut-o, due to the elds being
44 GaAs nanowire lasers
largely evanescent, and increases with diameter, as the mode becomes better conned within
the nanowire. The reectance is also dierent for various modes due to dierent polarisa-
tions. We note that mode reectance at nanowire end facet can be signicantly larger/smaller
(depending on diameter and mode-type) than the reectance of a plane wave incident on a
similar large planar interface. For example, for a large planar GaAs/air interface, the reect-
ance of a plane wave at normal incidence is 32% (using the Fresnel equations). The reectance
at nanowire end facet is quite dierent compared to that from large planar interfaces because
of the subwavelength transverse dimensions of the nanowire and because the guided modes
are fully vectorial (non-paraxial) [4, 99].
The mode reectance for both nanowire/air and nanowire/Au interface are presented in
Figure 3.2b. Interestingly, reectance is much larger at the nanowire/Au interface (dashed
lines) compared to the nanowire/air interface (solid lines) for most modes, despite absorption
in the metal. For example, reectance of the HE11a,b modes in a 400 nm diameter nanowire
is 37% at the nanowire/air interface and 90% at the nanowire/Au interface, despite ~6% of the
incident power being absorbed by the metal nanoparticle. Previous studies of a nanowire with
metallic mirrors have also reported such high reectance values for the HE11 mode [104].
The reectance at nanowire/Au interface is observed to be lower for modes that couple
well with plasmonic modes. This is best demonstrated by comparing the electric eld in-
tensity proles for the TE01 and TM01 modes at the nanowire/Au interface, as shown in
Figures 3.3a-b. The diameter of the GaAs nanowire and hemispherical Au nanoparticle is 300
nm. The TE01 mode, which has electric eld components parallel to the nanowire/Au inter-
face, does not couple to the plasmonic modes of the Au nanoparticle, and most of the optical
power is reected back. In contrast, the TM01 mode, which has magnetic eld components
perpendicular to the nanowire/Au interface, couples strongly to plasmonic modes of the Au
nanoparticle (at this nanowire/nanoparticle diameter) and is weakly reected.
The coupling to plasmonic modes and hence the mode reectance at nanowire/Au inter-
face is also dependent on the size of the nanoparticle and the eld distribution of the incident
mode. We note that for nanowire diameters larger than 350 nm, the reectance for the TM01
mode is larger at the nanowire/Au interface than at the nanowire/air interface. Figure 3.3c
shows the eld proles at the nanowire/Au interface for the TM01 mode in a 400 nm dia-
meter GaAs nanowire. In comparison with Figure 3.3b, the elds are well conned within
the nanowire and most of the optical power is reected back. This behaviour is observed for
other modes as well; mode reectance increases as the nanowire/nanoparticle diameter in-
creases and as the mode becomes better conned within the nanowire. Thus, GaAs nanowires
grown using larger diameter metal nanoparticle catalysts are expected to have lower lasing
threshold.
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Figure 3.3: a-b. The electric eld intensity prole in the cross-section of the nanowire/Au
nanoparticle for TE01 and TM01 modes in a 300 nm diameter nanowire. c. The TM01 mode
intensity prole in a 400 nm diameter nanowire is shown for comparison.
3.2.2.3 Design specications
The threshold gain (gth) for a Au-catalysed GaAs nanowire lying on a SiO2 substrate was
calculated using Equation 3.1 and the data presented in Figures 3.2a-b. The threshold gain
as a function of the nanowire diameter for a 6 µm long nanowire is shown in Figure 3.2c.
The calculations show that the nanowire diameter has to be larger than 320 nm to minimise
gth. The gth is lowest for HE21b mode for diameters between 320 - 340 nm, for TE01 mode
for diameters between 340 - 380 nm, and for TM01 mode for diameters between 380 - 400
nm. The gth for the fundamental HE11a,b modes is three times larger than the gth for these
higher order transverse modes, and so room-temperature lasing from the fundamental mode
in small diameter nanowires may be dicult to obtain. The optimal nanowire diameters with
the lowest gth (gth =270 cm-1 for L = 6 µm) are 330 nm and 400 nm.
These gth calculations reveal important design requirements for fabricating GaAs nanowire
lasers. In the following sections we will evaluate whether the lowest gth of 270 cm-1 is at-
tainable at room-temperature in GaAs nanowires (with dimensions according to the design
specications).
3.2.3 Material gain modelling
Optical gain in a direct band gap bulk semiconductor can be modelled using the following
equation [22, 23]:
g (~ω) = pie
2
ncε0m20ω
|M |2
∫
ρr (E) ( fc (E) − fv (E)) `
(
Eg + E − ~ω
)
dE (3.5)
where e, n, c, ε0, m0, ~ω and Eg are electron charge, material refractive index, vacuum speed
of light, vacuum permittivity, electron mass, photon energy and material band gap, respect-
ively. |M |2 is the momentum matrix element, which is a constant for a bulk semiconductor. In
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the integrand, ρr (E) is the 3D reduced density of states function, fc,v(E) is the Fermi-Dirac
distribution for conduction/valence band and `
(
Eg + E − ~ω
)
is the lineshape broadening
function, which accounts for the energy broadening of electron-hole states. These functions
are dened as follows [23, 105]:
ρr (E) = 1
2pi2
[
2mr
~2
]3/2
E1/2 (3.6a)
fc(E) = 1
1 + exp
{[
Eg + (mr/m∗e) E − Fc
] /kBT} (3.6b)
fv(E) = 1
1 + exp
{[
−
(
mr/m∗h
)
E − Fv
]
/kBT
} (3.6c)
`
(
Eg + E − ~ω
)
=
1
piγ
sech
(
Eg + E − ~ω
γ
)
(3.6d)
where mr is the reduced mass: mr = m∗em∗h/
(
m∗e + m∗h
)
, where m∗
e,h
is the eective mass for
electrons/holes; Fc,v is the quasi-Fermi level for conduction/valence band, kB is the Boltzmann
constant andT is the carrier temperature. E is related to the transition energy E21 of electron-
hole recombination: E = E21−Eg. We note that we have chosen to measure all energies from
the top of the valence band in the above equations.
For the lineshape broadening function, we have chosen to use a sech function instead
of a Lorentzian function, in order to avoid unphysical absorption below the band gap [105].
The parameter γ in the lineshape broadening function has units of energy, and its value is
estimated by tting analytically modelled spontaneous emission spectra with experimental
data (see Section 3.3.2).
3.2.3.1 Determining Quasi-Fermi level
To evaluate the gain spectrum using Equation 3.5 we have to determine the quasi-Fermi levels
for a specic injected carrier density. All other terms in the equation are either physical
constants, or are material parameters that can be obtained from literature. For an undoped
bulk semiconductor material, the carrier density in the conduction band (N) is given by [23]:
N = Nc
2√
pi
F1/2 (v) , Nc = 2
(
m∗ekT
2pi~2
)3/2
(3.7)
where F1/2 (v) is the Fermi-Dirac integral and v = Fc − Ec , where Ec is the energy at bottom
of conduction band (Ec = Eg in our case since we have chosen to measure energies from top
of the valence band). A similar equation can be written down for the carrier density in the
valence band (P). However for an undoped material, charge neutrality requires P = N . Thus,
Fc can be evaluated at a given N by solving Equation 3.7 and Fv can be evaluated by solving
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Table 3.1: Material parameters for GaAs.
Parameters Value
m∗e 0.067m0 kg
m∗
lh
0.087m0 kg
m∗
hh
0.50m0 kg
Ep
(
|M |2 = m0Ep6
)
25.7 eV
Eg 1.519 − 5.405 × 10−4 T2/(T + 204) eV
nr 3.631†
†Refractive index as a function of energy was t to room-temperature GaAs data from Palik [100].
a similar equation for P, using numerical techniques [22].
3.2.3.2 Bulk GaAs material gain
The material gain for bulk undoped GaAs was modelled3 at dierent temperatures (T ) and
at dierent carrier densities (N) using Equation 3.5 and the material parameters given in
Table 3.1. Because of the small separation between the light-hole (LH) and heavy-hole (HH)
subbands in bulk GaAs, the gain calculations included contributions from both C-LH and
C-HH transitions.
The material gain spectrum of GaAs at room temperature (T = 300 K) is shown in Figure
3.4a, at various carrier densities, and the peak gain variation with carrier density (at T = 100
K, 200 K and 300 K) is shown in Figure 3.4b. At room temperature, the carrier density at
which the material becomes transparent (transparency carrier density Ntr) is 1.54 × 1018
cm-3 and the lowest threshold gain of 270 cm-1 for a GaAs nanowire laser, as determined by
our previous calculations, is obtained at a carrier density of 2.20 × 1018 cm-3. In Figure 3.4b,
we can see that lower carrier densities are required to attain the same threshold gain at lower
temperatures. The threshold carrier density Nth to obtain gain of 270 cm-1 is 0.72×1018 cm-3
and 1.38 × 1018 cm-3 at 100 K and 200 K, respectively.
3.2.4 Optical pump power requirements
As described in Chapter 2, optical pumping is used for characterising lasing in nanowires.
A femtosecond pulsed laser (λp = 522 nm, fp = 20.8 MHz) is used as the excitation source
and a large excitation spot-size (larger than the nanowire length) is used so that the entire
nanowire is uniformly pumped. The average carrier density (Nave) generated in the nanowire
3The semiconductor gain equations were solved numerically in MATLAB.
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Figure 3.4: a. Gain spectra at room temperature for various carrier densities; number
labels below curves are in units of 1018 cm-3. b. Peak gain variation with carrier density
at 100 K, 200 K and 300 K. The transparency carrier density Ntr is 4.62× 1017, 9.42× 1017
and 1.54 × 1018 cm-3 at 100 K, 200 K and 300 K, respectively.
(per pulse) as a result of optical pumping can be estimated from the following relation:
Nave
(
cm−3
)
=
ηp · Pave
fp · hc/λp · V (3.8)
where Pave is the time-averaged laser pump power, ηp is the fraction of pump power absorbed
in the nanowire, hc/λp is the energy of pump photons and V is the volume of the nanowire
(cm3). We will use Equation 3.8 to estimate the optical pump power required to achieve Nth
for a GaAs nanowire laser. Since the nanowire is modelled as a cylinder, the volume of the
nanowire is given by (piD2L)/4, where D is the nanowire diameter and L is the nanowire
length. The fraction of pump power absorbed in the nanowire can be estimated from the ab-
sorption cross-section of the nanowire (σabs) and the excitation spot area (Ap): ηp = σabs/Ap.
The calculation of σabs is discussed below.
3.2.4.1 Absorption cross-section
Absorption cross-section (σabs cm2) for a cylindrical GaAs nanowire lying on a SiO2 substrate
was calculated from 3D-FDTD simulations. In the simulations, a plane wave source with
a wavelength of 522 nm was injected at normal incidence towards the nanowire/substrate
and the optical power absorbed in the nanowire was determined by calculating the net ux
through a box of power monitors surrounding the nanowire. Complex refractive index for
GaAs at 522 nm was specied for the nanowire and the substrate was non-absorbent at this
wavelength. σabs was calculated by dividing the absorbed power (W) by the source intensity
(W/m2), and σabs for TE and TM incident polarisations was averaged to get a value that is
independent of polarisation. σabs was calculated for various nanowire diameters and lengths.
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Figure 3.5: a. Electric eld intensity prole across the cross-section of a GaAs nanowire
lying on SiO2 substrate, illuminated by a TE polarised plane wave from above. b. Absorp-
tion cross-section (σabs cm2) for a GaAs nanowire lying on a SiO2 substrate, at wavelength
of 522 nm. The graph shows the average σabs calculated under TE and TM polarisation
divided by the nanowire length L, as a function of nanowire diameter. The absorption
cross-section for an innitely long nanowire, calculated using 2D-FDTD and Mie Theory
is also shown for comparison.
Figure 3.5a shows the cross-section of the simulated structure and the electric eld intensity
prole across the nanowire from a FDTD simulation. The nanowire has a diameter of 440 nm
and is illuminated by a TE polarised plane wave from above.
Figure 3.5b shows the average absorption cross-section divided by the nanowire length
(σabs/L) as a function of nanowire diameter. The average absorption cross-section of an
innitely long nanowire (σ2D cm) from a 2D-FDTD simulation is also shown for comparison.
As the nanowire length becomes large compared to the diameter (L  D), the innite length
assumption becomes valid, and σ2D closely approximates σabs/L. In Figure 3.5b, we also
plot σ2D for an innitely long GaAs cylinder in air (without substrate), determined from Mie
theory [106]. The peaks in the absorption cross-section calculated using FDTD simulations
correspond well to the Mie resonances; the slight dierences observed are due to the substrate.
For a 330 nm diameter, 6 µm long nanowire, σabs is calculated to be 1.65 × 10−8 cm2. This
corresponds to pump eciency of ηp = 5.8% (assuming 6 µm circular spot-size).
3.2.4.2 Threshold pump power
We estimate the threshold pump power (Pth) required for lasing by inverting Equation 3.8.
Using the threshold carrier density of 2.20×1018 cm-3 for achieving threshold gain of 270 cm-1
at room temperature, ηp of 5.8%, pump photon energy of 3.8 × 10−19 J and V of 5.13 × 10−13
cm3 (D = 330 nm, L = 6 µm), we get an estimate of 0.15 mW for the threshold pump power.
This Pth corresponds to an energy density (Pave/ fpV ) of ~14 J cm-3.
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The threshold power calculated above is the minimum pump power required to observe
room temperature lasing in our experiments. This is because the above calculations impli-
citly assume that all photo-generated carriers recombine radiatively and thus contribute to
optical gain. In reality, however, QE will be less than 1 because of competing nonradiative
recombination mechanisms, and so larger pump power will be required to compensate for
the carriers lost to nonradiative recombination.
QE (or ηr) was dened in Equation 1.1 and depends on the carrier density. For carrier
densities below threshold, QE can be modelled using [23]:
ηr =
BN2
AN + BN2 + CN3
(3.9)
where A, B and C are the nonradiative, radiative and Auger recombination coecients, re-
spectively. In nanowires, A is dominated by surface recombination and can be estimated by
A ≈ 4vs/D, where vs is the surface recombination velocity and D is the nanowire diameter.
For GaAs, vs can be as high as 106 cm s-1 due to a large number of surface states [107, 108].
However, vs can be signicantly reduced by several orders of magnitude by surface passiv-
ation. For surface passivated GaAs nanowires, vs as low as 103 cm s-1 have been achieved
[109–111]. Using a moderate value, vs ∼ 104 cm s-1, we estimate A ∼ 109 s-1 for a 330 nm
diameter nanowire. The values of B and C for GaAs are taken from literature (B ∼ 2× 10−10
cm3 s-1 [112] and C ∼ 7 × 10−30 cm6 s-1 [113]).
At carrier density of 2×1018 cm-3, we get QE of 30% just before threshold, from Equation
3.9. Hence, the threshold power to observe room temperature lasing in our experiments is
estimated to be 0.5 mW, which corresponds to an energy density of ~50 J cm-3. This pump
power/energy density is feasible in our experiments. If the GaAs nanowire is not passivated
then the QE is estimated to be 0.4%, the threshold power is estimated to be ~40 mW and
the energy density is estimated to be ~3.5 kJ cm-3. The threshold power for unpassivated
GaAs nanowire is above the maximum average power that can be delivered by our pump
laser (~30 mW) and the energy density is larger than the thermal vapourisation limit of the
nanowire (latent heat of melting is 2.83 kJ cm-3 for GaAs [114]). To reduce Pth and achieve
room temperature lasing, the QE of GaAs nanowires has to be signicantly increased.
3.3 Growth and optical characterisation
The QE of GaAs nanowires can be signicantly improved by surface passivation and growth
optimisation4. One of the approaches for surface passivation is to grow a shell of a higher band
gap material on top of the nanowire (core). The shell can prevent carriers in the nanowire core
from accessing surface states if the energy separation between the conduction/valence bands
4High purity, defect-free nanowires can be obtained by optimising the growth parameters.
§3.3 Growth and optical characterisation 51
of the two materials is much larger than the thermal energy of carriers. However, carriers can
recombine nonradiatively at the interface between the two materials, and so the shell growth
has to be optimised to minimise surface/interface recombination. Since the nanowire cores
provide the template for the shell growth, it is also necessary to optimise the core growth, to
obtain high crystalline quality (defect-free and taper-free) nanowire cores.
Growth optimisation and surface passivation of GaAs nanowires have been widely stud-
ied [108–111, 115–117]. The highest QE GaAs nanowires that have been demonstrated so
far following this approach used a two-temperature growth process to grow high crystalline
quality GaAs nanowire cores [115] and an AlGaAs shell to passivate the GaAs nanowire cores
[110, 117]. A thin GaAs layer was also grown on top of the AlGaAs shell to prevent oxidation
of the Al containing shell. These nanowires were grown using 50 nm diameter Au catalysts
and so their overall diameters were below 150 nm. However, to achieve lasing from photonic
modes we require much larger diameter nanowires (as shown in Figure 3.1, no guided modes
are supported in a GaAs nanowire lying on SiO2 substrate, if the diameter is below 150 nm). In
the following sections, we will discuss the growth and optical characterisation (to determine
QE) of large diameter surface passivated GaAs nanowires.
3.3.1 Growth of large-diameter surface-passivated GaAs nanowires
According to the design, untapered high QE GaAs nanowires with diameters larger than 330
nm (and lengths of about 6 µm) are required for room temperature lasing. To best meet these
requirements, Au-catalysed core-shell-cap GaAs/AlGaAs/GaAs nanowires were grown5 in
a horizontal ow MOVPE reactor (discussed in Chapter 2), using procedures developed by
Joyce et al. [115] and Jiang et al. [110]. The details of the growth are provided below.
Large diameter GaAs nanowire cores were rst grown on GaAs (111)B substrates using
250 nm colloidal Au nanoparticles. Substrates with the Au nanoparticles were placed in the
MOVPE reactor and annealed at 600 °C for 10 min under AsH3 ow. After cooling to 450 °C,
TMGa was switched on to initiate nanowire growth. A two-temperature growth procedure
[115] was followed, which has signicant advantages for minimising tapering and eliminating
twin defects to provide a high quality untapered GaAs core. The growth was initiated with a
1 min nucleation step at 450 °C and the nanowires were grown at 375 °C for 45 min. Source
ows of TMGa and AsH3 were 1.2 × 10−5 and 5.4 × 10−4 mol min-1, respectively, and the
reactor pressure was 100 mbar.
To increase the nanowire diameter further and to provide surface passivation for the high
quality GaAs core, an epitaxial AlGaAs shell was grown around the core [110]. The growth
temperature was ramped to 750 °C in AsH3 ambient. To obtain high quality AlGaAs layer, the
AlGaAs shell was grown at high temperature. The growth time for the AlxGa1-xAs shell was
5The growth was performed by Dr. Michael Gao and Dr. Nian Jiang.
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Figure 3.6: a. SEM image of uniform diameter core-shell-cap GaAs/AlGaAs/GaAs
nanowires standing vertically on a tapered base on the growth substrate (taken at 45° tilt).
Top left image is the top view of a nanowire, showing the hemispherical Au catalyst nano-
particle atop the hexagonal nanowire. The scale bar is 100 nm. b. SEM images showing the
dierent stages of growth: (I) core only GaAs nanowire (diameter 250 nm), (II) core-shell
GaAs/AlGaAs nanowire (diameter 320 nm) and (III) core-shell-cap GaAs/AlGaAs/GaAs
nanowire (diameter 430 nm). The scale bar is 500 nm. c. SEM image of a nanowire lying
on an ITO-coated SiO2 substrate. The transferred nanowires are free of the tapered base.
The scale bar is 1 µm. Adapted from [51].
30 sec with TMAl/(TMGa+TMAl) ratio in vapour phase of 0.5. Source ows of TMGa, TMAl
and AsH3 were 7.3 × 10−6, 7.3 × 10−6 and 1.5 × 10−3 mol min-1, respectively.
Finally, to prevent oxidation of the AlGaAs shell, an outer GaAs cap layer was grown
around shell for 1.5 min at the same temperature by switching o TMAl. Source ows of
TMGa and AsH3 were 6.5 × 10−5 and 2.1 × 10−3 mol min-1, respectively.
3.3.1.1 Structural characterisation
Nanowires were imaged in a SEM after the growth to study their morphology. Figure 3.6a
presents the SEM image of the Au-catalysed core-shell-cap GaAs/AlGaAs/GaAs nanowires
that were grown using the growth parameters discussed above. The nanowires are standing
vertically on the growth substrate and have a hexagonal cross-section. Apart from the base,
where the nanowires are quite tapered, the diameter is fairly uniform along the nanowire.
The overall diameter of the core-shell-cap nanowires ranges between 380-440 nm with lengths
(including the tapered base) between 7.2-7.5 µm. The diameter of the nanowires is suciently
large to support guided modes that are well conned in the nanowire.
To estimate the thickness of each of the layers within the core-shell-cap nanowire hetero-
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structure, core-only and core-shell nanowires (without GaAs cap) were also grown, following
the same growth recipe. Figure 3.6b presents the SEM image of the top section of core-only,
core-shell and core-shell-cap nanowires. The nanowire core has a diameter of 250 nm, and
the shell and cap thickness are estimated to be 65 nm and 30 nm thick, respectively. We will
require these measurements later on in Section 3.4.3 for modelling the threshold gain of a
core-shell-cap nanowire.
When nanowires are transferred from the growth substrate onto low index substrates us-
ing sonication (method explained in Chapter 2), they usually break from above the tapered
base. Figure 3.6c shows a typical SEM image of a transferred nanowire. The transferred
nanowire is untapered and provides a uniform optical cavity for lasing. We note that taper-
ing results in non-uniform mode connement and larger round-trip losses (since end-facet
reectivity is diameter dependent), which are undesirable for low threshold lasing.
3.3.1.2 Growth optimisation
Structural uniformity and high material quality are both necessary for low threshold las-
ing. The nanowires shown in Figure 3.6 (which were grown using the parameters provided
earlier in this section) had the best structural uniformity and material quality (QE of the
nanowires will be discussed in the next section) compared with all the other growths that
were performed. Figure 3.7 presents SEM images of nanowires from the dierent growths.
The nanowires are arranged in order of increasing QE (they also happen to be in chronological
order of when they were grown). The GaAs core growth parameters, the shell growth tem-
perature and the V/III ratio for the shell growth are the same in all these growths. However,
the shell/cap growth time and ow rate vary.
The initial growths performed used the same ow rate as that reported by Jiang [110].
However, nanowires grown using this ow rate had tapered bases and large bulky heads (see
Figures 3.7a-b). We anticipated that the tapering and overgrowth was due to the relatively
long shell/cap growth time. And so, to achieve similar diameter nanowires that were struc-
turally more uniform, faster ow rate and short growth time were used. SEM images of the
nanowires grown with 4× higher ow rate are shown in Figures 3.7c-d. While the nanowires
grown with 1 minute cap growth had the best structural characteristics, the cap did not cover
the entire nanowire surface (see Figure 3.7c). To achieve full coverage and protect the AlGaAs
shell from oxidation, the cap growth time was increased to 1.5 minutes. However, with the
longer cap growth, the nanowires had tapered bases (see Figure 3.7d).
3.3.2 Photoluminescence characterisation
Core-shell-cap nanowires were transferred from the growth substrate onto low index sub-
strates and the PL from single nanowires was measured at room temperature (see Chapter 2
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Figure 3.7: a-d. SEM images of nanowires taken from various growths, with dierent
shell growth times and ow rates, as specied below each image. Improvement in the
morphology and optoelectronic quality was obtained by optimising the growth time and
using a faster ow rate. Scale bar is 1 µm. The measurements denoted on the images were
taken in cross-section (cs) mode, which automatically accounts for the tilt angle.
for details of the sample preparation and the optical system). Strong luminescence was ob-
served from nanowires sampled from the dierent growths. In particular, nanowires grown
under the optimal growth conditions exhibited strong luminescence even at very low excit-
ation. The room temperature PL spectrum from a nanowire (which was later used for lasing
demonstration) at low excitation uence of 2 µJ cm-2pulse-1 (Pave = 1.1 µW) is shown in Figure
3.8. A single peak at 1.424 eV is observed, which corresponds to the GaAs band edge at room
temperature. The spectrum has a high energy tail, which reects the energetic distributions
of electrons/holes in the conduction/valence band in the GaAs core, respectively. We note
that the excitation energy (2.375 eV) is higher than the band gap of both GaAs and AlGaAs,
and so carriers are generated in both core and shell/cap of the nanowire. However, emission
from the GaAs cap is not expected, due to its small thickness and the high vs at the GaAs/air
interface. Also, PL emission from the AlGaAs shell is not observed, because of the fast capture
lifetime of carriers from the AlGaAs shell into the GaAs core and cap, which is much shorter
than the radiative lifetime of carriers in the AlGaAs shell [118].
The PL spectrum from nanowires can be tted using a theoretical model, to determine
material parameters (such as carrier temperature and lineshape broadening parameter) that
are necessary for modelling gain (see Equation 3.5). We will be requiring these parameters
later on for modelling material gain for the nanowire laser (see Section 3.4.4). The theoretical
spontaneous emission spectrum for a bulk semiconductor, based on band-to-band recombin-
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Figure 3.8: Photoluminescence (PL) spectrum obtained from a single core-shell-cap
nanowire at very low excitation (uence of 2 µJ cm-2pulse-1) and the spontaneous emission
spectrum for bulk GaAs modelled using Equation 3.10, with N = 1 × 1017 cm-3, T = 335
K and γ = 6.6 meV.
ation model, is given by [22]:
rsp (~ω) = 2ne
2ω
hc3ε0m20
|M |2
∫
ρr (E) fc (E) (1 − fv (E)) ` (E − ~ω) dE (3.10)
The parameters in the above equation were previously dened in Section 3.2.3. We used
the above equation and material parameters for bulk GaAs from Table 3.1 to model the PL
spectrum from the nanowire. The photo-excited carrier density in the GaAs core was estim-
ated to be ~1× 1017 cm-3 (using Equation 3.8) and the temperature and lineshape broadening
parameter were varied in order to obtain a good t to the experimental PL data. Figure 3.8
shows the modelled spectrum using γ = 6.6 meV (for the lineshape broadening function) and
T = 335 K. A good t is obtained for the low energy side of the PL peak. However, for the
high energy side of the PL peak the analytical spectrum under estimates the experimental
data. This could be because in Equation 3.10, all carriers are assumed to be in thermal equi-
librium, which may not be the case in experiments as a result of laser-induced heating in the
nanowire.
3.3.3 Lifetime measurements and quantum eciency estimation
3.3.3.1 Carrier lifetime measurements
Time-resolved PL (TRPL) from single nanowires was measured at room temperature, at the
peak emission energy of the PL spectrum (see Chapter 2 for further details of the TRPL tech-
nique and measurement apparatus). The measurements were made at very low excitation
to avoid band lling and band gap renormalisation eects. The TRPL measurements of three
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core-shell-cap nanowires (sampled from the optimised growth, described in Section 3.3.1) and
one core-only nanowire (250 nm diameter) are shown in Figure 3.9a. The data is plotted on
a log scale and exhibits a monoexponential decay (note that the time delay is with respect
to the excitation pulse, which can be assumed to be a delta function because the pulse width
(400 fs) is signicantly shorter than the decay process). The lifetime extracted by tting the
data corresponds to the minority carrier lifetime (τmc). For the three core-shell-cap nanowires
shown, the τmc measured ranges between 480 - 600 ps. The average τmc from ten measure-
ments is 440 ps with wire-to-wire standard deviation of 90 ps. The minority carrier lifetime
for the core-only nanowire is very short and is limited by our instrument response (~30 ps).
The minority carrier lifetime depends on radiative and nonradiative lifetime: τ−1mc =
τ−1r + τ−1nr . As mentioned before, TRPL measurements were conducted at room temperat-
ure and under very low excitation. Under these conditions, τr  τnr and hence τmc ∼ τnr
in our experiments [119]. To show this, we estimate the radiative lifetime using τr = 1/BN ,
where B ∼ 2 × 10−10 cm3 s-1 for bulk GaAs [112] and N is the photo-excited carrier density.
N is estimated to be ~1×1017 cm-3 at the excitation level used for measurements (uence of 2
µJ cm-2pulse-1). Using these values, τr is estimated to be 50 ns. Since τr is signicantly longer
than the lifetime measured for nanowires, τmc is dominated by the nonradiative lifetime in
our experiments. The nonradiative lifetime is related to the time constant for recombination
at defects and at surface/interface via τ−1nr = τ−1bulk+4vs/D [120]. Thus, a long τmc is indicative
of high crystalline quality and low surface recombination velocity (as a result of good sur-
face passivation). The signicantly longer τmc for core-shell-cap nanowires than core-only
nanowires demonstrates the substantial improvement in optoelectronic quality as a result of
surface passivation.
We note that lifetime measurements were also performed on nanowires sampled from
other growths to assess their optoelectronic quality. The lifetime measurements were im-
portant for characterising various growths and for improving the growth parameters to yield
a longer τmc. The SEM images of nanowires sampled from various growths (shown in Figure
3.7) were arranged in order of increasing average τmc (from left to right). The longest τmc that
we measured for large diameter core-shell-cap nanowires was 600 ps. We note that τmc as
long as 2 ns have been reported for small diameter surface passivated GaAs nanowires [117],
and so there is scope for further improvement.
3.3.3.2 Quantum eciency estimation
The QE (or ηr) can also be expressed in terms of radiative and nonradiative recombination
carrier lifetime:
ηr =
τmc
τr
=
τnr
τr + τnr
(3.11)
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Figure 3.9: a. Room temperature time-resolved PL data collected under low excita-
tion from three single core-shell-cap nanowires (blue, red and black) and one core-only
nanowire (green). Lifetime is calculated from monoexponential ts to the data. b. QE (ηr)
as a function of carrier density estimated using Equation 3.11. The nonradiative lifetime
is estimated from the measured minority carrier lifetime and the radiative lifetime is cal-
culated using τr = 1/BN . The QE of core-shell-cap nanowires is an order of magnitude
larger than the QE of core-only nanowires, due to its signicantly larger nonradiative
lifetime.
As already mentioned, at low excitation at room-temperature, τmc ∼ τnr. To increase QE,
it is thus important to increase τmc. For the core-shell-cap nanowires, we estimate QE of
0.4% at low excitation (using τr = 100 ns and τnr = 0.44 ns ). For core-only nanowires,
QE is estimated to be 0.03% (assuming τnr = 0.03 ns; we note that the τmc measured for
core-only nanowire was limited by the system response and is expected to be much shorter
(~10 ps) [121]). As the carrier density in GaAs increases by external excitation τr reduces
[112] and therefore QE increases. The expected increase in QE for core-only and core-shell-
cap nanowires is shown in Figure 3.9b. The QE at a given carrier density depends on the
initial QE (at low excitation). Therefore to obtain high QE with carrier injection, the initial
QE should be large (long τmc or τnr). A large initial QE is also necessary to avoid Auger
recombination that becomes dominant at high carrier density. This again emphasises the
need for high quality GaAs nanowires with long τmc to obtain room temperature lasing.
The QE of the core-shell-cap nanowires grown for this study is sucient to achieve room
temperature lasing. Previously, in Section 3.2.4.2, we estimated the threshold pump power to
be 0.5 mW, assuming QE of 30% near threshold and a threshold carrier density of 2 × 1018
cm-3. The QE of the core-shell-cap nanowire at carrier density of 2 × 1018 cm-3 from Figure
3.9b is 15%. The reduction in QE by a factor of two for the core-shell-cap nanowire translates
to an increase in the threshold pump power by a factor of two. Nevertheless, the threshold
pump power requirement is still under the vapourisation limit of GaAs [114].
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3.4 Laser characterisation
3.4.1 Room temperature lasing
The core-shell-cap nanowires that had the highest QE were selected for optical pumping
experiments. Nanowires were transferred onto patterned ITO-coated SiO2 substrates using
sonication, and single nanowires were optically pumped at room temperature using a large
(~13.5 µm diameter) excitation spot-size (see Chapter 2 for further description). Lasing was
observed from several dierent nanowires. Evidence of room temperature lasing from two
dierent nanowires is presented in Figure 3.10 and Figure 3.11, respectively. Typical lasing
characteristics from the optically pumped nanowires, such as narrowing of the emission near
threshold, threshold knee behaviour in the L-L curve (output intensity versus pump intensity),
interference fringes due to coherent lasing emission, and gain clamping, are discussed below.
Narrowing of spectra In the optical pumping experiments, the emission spectra from
the nanowire was collected as a function of the excitation power. The normalised emission
spectra from the nanowire at three dierent pump uence (below threshold, near threshold
and above threshold) are presented in Figure 3.10a, and the normalised spectral map at vari-
ous pump uence is shown in Figure 3.10b. At very low pump uence, the emission is broad
(FWHM ~45 nm) and is characterised by a single emission peak, corresponding to the band
edge of GaAs at room temperature. As the pump uence increases, the peak broadens and
blue-shifts due to band lling, and also increases in intensity (the increase in emission in-
tensity is shown in Figure 3.10c). Near threshold, for pump uence between 180-200 µJ
cm-2pulse-1, we observe a shoulder appearing at 883 nm, which is amplied because of optical
feedback in the nanowire cavity. At a pump uence of ~207 µJ cm-2pulse-1, the peak at 883 nm
increases sharply in intensity and narrows, which is a clear signature of lasing. The FWHM
of the lasing peak is 1.8 nm at 274 µJ cm-2pulse-1 (30% above threshold). We note that the
lasing peak blue-shifts with increasing excitation above threshold, which is due to blue-shift
of the material gain peak with increasing carrier density.
Threshold behaviour Further evidence of lasing is presented in Figure 3.10c, which
plots the spectral power in the lasing mode as a function of excitation (light input - light
output or L-L curve). The spectral power in the lasing mode was calculated by integrating
the emission spectra across a narrow spectral region centred at the lasing peak. The L-L
data is presented on a log-log scale in Figure 3.10c and on a linear scale in the inset. The ’S’
like behaviour (on the log-log scale) and the ’knee’ like behaviour at threshold (on the linear
scale), which are characteristics of lasing, are clearly exhibited by the data. Below threshold
and far above threshold the output intensity increases linearly with pump uence, whereas
in the threshold region (shaded grey region), the output intensity increases super-linearly
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Figure 3.10: a. Spectra at three dierent pump intensities showing the transition from
spontaneous emission (13 µJ cm-2pulse-1: green) to amplied spontaneous emission (202
µJ cm-2pulse-1: orange) to lasing (288 µJ cm-2pulse-1: red). The lasing peak at 883 nm
has a FWHM of 1.8 nm. b. Normalised spectral map showing the sudden narrowing of
emission at threshold ~207 µJ cm-2pulse-1. c. Nonlinear response of laser output power
with increasing pump uence, showing threshold region as a ‘kink’ between the two linear
regimes of spontaneous emission and lasing. The grey area is the region of amplied
spontaneous emission. Inset shows the threshold knee behaviour in the L-L data plotted on
a linear scale. The lines represent the t to experimental data using rate-equation analysis
with gth = 1820 cm-1 and β = 0.015. d. Optical images of the nanowire below (left) and
above (right) threshold. Interference fringes are observed above threshold, indicative of
coherent emission. Adapted from [51].
with pump uence. The region of super-linear increase is a result of amplied spontaneous
emission (ASE).6 Thus, the clear transition from a super-linear increase at threshold to a
linear increase beyond threshold demonstrates that lasing (and not just ASE) is observed
6Below threshold, the emission from the nanowire is due to spontaneous emission and far above threshold,
the emission is dominated by stimulated emission.
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from the nanowire lasers. The threshold uence for this nanowire laser is estimated to be
~207 µJ cm-2pulse-1 from the ’knee’ in the L-L curve. The emission intensity above threshold
is almost two orders of magnitude larger than below threshold.
Interference fringes Nanowire lasers were also directly imaged while being optically
pumped. Figure 3.10d shows optical images of the nanowire, below and above threshold, with
the pump laser ltered out. The image below threshold (left image) shows brighter emission
from the middle of the nanowire. This is because the pump laser has a Gaussian beam shape
and so the excitation intensity is larger in the middle of the nanowire. Emission from the
nanowire ends is also observed in this image, which indicates that the nanowire supports
guided modes and behaves like a F-P type cavity. The emission is stronger from one end of
the nanowire. This end corresponds to the nanowire/air facet, which has a lower reectivity
for the nanowire guided modes and hence has relatively larger optical losses.
The image of the nanowire above threshold (right image) was taken with the same ac-
quisition/shutter time as below threshold (left image). The emission intensity, particularly
from the nanowire ends, is signicantly more intense above threshold. A distinct interfer-
ence pattern is also observed, which is due to the emission from the nanowire end facets
being intense, spectrally narrow and spatially coherent (the interference pattern is similar to
what is produced by two point sources separated by a small distance). The visibility of inter-
ference fringes depends on the relative intensity of the lasing emission from nanowire ends
with respect to the spontaneous emission (SE) arising from the nanowire body, and also de-
pends on the spectral purity of the lasing mode (single lasing peak or multiple lasing peaks).
We note that we obtained much clearer interference pattern from the nanowire lasers at low
temperatures, as the lasing emission was much stronger than the background SE (material
gain is larger and threshold carrier density is smaller at low temperatures).
Gain clamping Another important indicator for lasing is gain clamping. At the onset
of lasing, the carrier density (and gain) clamps at their threshold value. Because of this, the SE
intensity is also clamped, and only the intensity of the lasing peak increases above threshold.
This behaviour is evident in the spectra shown in Figure 3.11a, which is from a dierent
nanowire to that characterised earlier. Below threshold, the broad SE spectrum continues to
broaden and increases in intensity with increasing pump uence. However, above threshold,
the SE intensity is clamped, while only the intensity of the lasing mode at 894 nm increases
with increasing pump uence. The L-L curve (on a linear scale) for this nanowire laser is
shown in Figure 3.11b. The linear increase of the emission (below and above threshold) and a
’knee’ corresponding to the threshold (at ~212 µJ cm-2pulse-1) are clearly observed. The total
SE intensity, which is calculated by integrating the emission spectra and subtracting the area
under the lasing peak, is shown to be clamped at threshold, in the inset of Figure 3.11b.
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Figure 3.11: a. Emission spectra at dierent pump uence on a logarithmic scale. Below
lasing threshold the spontaneous emission (spectra in blue) broadens and increases in
intensity. Above threshold (spectra in red) the spontaneous emission intensity is clamped
whereas the intensity of the lasing peak increases with increasing pump uence. b. L-L
curve of nanowire laser, showing knee behaviour at lasing threshold. Coloured data points
correspond to the spectra shown in a. The inset shows the spontaneous emission output
(integrated emission spectra with the area under the lasing peak subtracted), as a function
of pump intensity. Clamping of the spontaneous emission at threshold pump intensity of
~212 µJ cm-2pulse-1 corresponds to the knee observed in the L-L plot.
3.4.2 Nanowire laser dimensions
In order to properly model the lasing characteristics of the nanowire laser it was necessary
to measure the exact dimensions of the nanowire laser. Figure 3.12a shows a SEM image of
the nanowire laser, whose lasing characteristics were presented in Figure 3.10. The nanowire
is untapered and has a uniform hexagonal cross-section, with side length 240 nm and width
480 nm. Considering cross-sections of equal area, this would correspond to a diameter of
440 nm for a nanowire with a circular cross-section. The length of the nanowire cavity is
approximately 6 µm (excluding the Au nanoparticle at the top of the nanowire). The nanowire
is free from the highly tapered base, which is observed in SEM images of the grown nanowires
(Figure 3.6)
Close up SEM images of the top and bottom ends of the nanowire are shown in Figure
3.12b. The broken end of the nanowire is rough since the plane perpendicular to the nanowire
axis is not a natural cleavage plane. The Au nanoparticle at the top end of the nanowire ap-
pears to have a coating. Similar features were observed on other nanowires that were also
optically pumped, while nanowires that were not optically pumped showed no coating on the
Au nanoparticle. Although we did not perform further analysis to examine the material com-
position of this coating, we believe that this coating is due to oxidation of the Au nanoparticle
as a result of intense optical pumping.
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Figure 3.12: a. SEM of the room temperature nanowire laser taken at 45° tilt (lasing
characterisitics shown in Figure 3.10). The nanowire cavity is 6 µm long and has a diameter
of 440 nm. The scalebar is 1 µm. b. Close-up SEM images of the top and bottom ends of
the nanowire.
3.4.3 Lasing mode prediction by threshold gain modelling
It is interesting to see that the lasing peak of the nanowire lasers is red-shifted with respect
to the spontaneous emission peak where material gain is maximum (lasing peak is near the
band edge of GaAs7 whereas the peak material gain is at shorter wavelengths). To under-
stand this behaviour and identify which mode is lasing, we modelled the threshold gain for
a core-shell-cap GaAs/AlGaAs/GaAs nanowire, as a function of wavelength. Earlier in this
chapter, the threshold gain was modelled (at a xed wavelength) for a homogeneous GaAs
nanowire, where the entire nanowire provided modal gain, and intrinsic loss was assumed to
be negligible. However, in our actual devices, modal gain is only provided by the core, and
the AlGaAs shell and GaAs cap contribute to optical losses via absorption. Both these factors
thus have to be taken into account in order to accurately model the threshold gain for our
devices.
The threshold condition for lasing, considering both mirror loss (αm) and intrinsic loss
(αi) is given by Equation 1.2. We used this equation to model the threshold gain as a func-
tion of wavelength for a Au-catalysed core-shell-cap GaAs/Al0.2Ga0.8As/GaAs nanowire lying
on SiO2 substrate. The nanowire was modelled as before with a circular cross-section. The
dimensions of the nanowire (diameter 440 nm and length 6.2 µm) and Au nanoparticle (dia-
meter 380 nm) were taken from SEM measurements of the nanowire laser (Figure 3.12). The
thicknesses of the core, shell and cap were estimated from SEM measurements of nanowires
without shell/cap (Figure 3.6b). The core diameter was 250 nm and the shell and cap thick-
nesses were estimated to be 65 nm and 30 nm, respectively. The Al composition in the shell
was assumed to be 20%, as expected for the shell growth conditions that were used [110], and
the wavelength-dependent refractive index for GaAs and Al0.2Ga0.8As were taken from Palik
7Due to laser-induced heating, the lasing peak is at longer wavelengths than the room temperature band edge
emission of GaAs.
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Figure 3.13: Connement factor (a), intrinsic loss (b) and mirror loss (c) modelled as a
function of wavelength in a 440 nm diameter, 6.2 µm long GaAs/Al0.2Ga0.8As/As core-
shell-cap nanowire lying on a SiO2 substrate. Schematic diagrams of the structure are
shown in the insets of both a and b.
[100]. Next, we will discuss the wavelength-dependent Γ, αi and αm , that were calculated
for modelling threshold gain.
Mode connement factor To calculate Γ, guided modes supported in the core-shell-
cap nanowire (cross-section of the structure is shown in the inset of Figure 3.13a) were rst
evaluated using Lumerical Mode Solutions, for wavelengths ranging between 800-900 nm. Γ
was then calculated from the electric eld intensity proles of the modes, using Equation 3.2,
where the integration in the numerator was performed only across the core (active region).
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Figure 3.13a shows Γ for the guided modes supported in the core-shell-cap nanowire, as a
function of wavelength. Γ is largest for the HE11a,b and TM01 modes due to their large overlap
with the nanowire core. As discussed earlier in this chapter, Γ depends on the overlap of the
mode with the active region as well as the group index of the mode. The group index of
the TM01 mode is larger near cut-o, and so Γ for the TM01 mode is seen to increase with
wavelength (as the mode approaches cut-o). In contrast, Γ is larger at shorter wavelengths
for the HE11a,b modes. This is because the group index of the HE11a,b modes is approximately
constant in the wavelength range simulated, and the modes are more conned in the nanowire
(and so have better overlap with the core) at shorter wavelengths.
Intrinsic loss The loss due to absorption in the shell and cap was calculated using
3D-FDTD simulations. In these simulations, the nanowire was modelled to be innitely long
(both ends of the nanowire were extended beyond the PML boundary) and complex refractive
index values were used for the passive regions (shell and cap), while only the real part of the
refractive index was used for the active region (core) and SiO2 substrate. Guided modes at a
particular wavelength were injected along the nanowire, and the power transmitted at two
dierent positions along the nanowire was measured. The absorption loss per unit length
was then calculated by taking the power loss divided by the separation between the two
monitors. The absorption loss (or intrinsic loss) is shown in Figure 3.13b. The loss is lowest
at long wavelengths due to smaller absorption coecients and is lowest for modes that are
well conned in the core (for example the HE11a,b modes). The absorption loss is mainly due
to the GaAs cap since Al0.2Ga0.8As is transparent until wavelength of 740 nm (band edge).
Therefore, reducing the thickness of the cap reduces the absorption loss. However, reducing
the cap thickness was dicult in our experiments as we needed the cap to cover the entire
nanowire, to prevent oxidation of Al containing shell.
Mirror loss Mirror loss was also determined using 3D-FDTD simulations. In these sim-
ulations, one end of the nanowire was terminated within the computational domain, and a
power monitor was used to measure the fraction of incident power reected from the inter-
face. Note that only the real part of the refractive index was used for all materials in these
simulations. The measured power was then multiplied by the overlap integral of the injected
mode and reected elds, to determine the mode reectance for each injected mode. Figure
3.13c shows the mirror loss as a function of wavelength, calculated using the mode reect-
ance determined from simulations and L = 6.2 µm. Mirror loss is lowest for the TE01 and
TM01 modes as these modes have the largest reectance. For the TE01 mode, mode reect-
ance (and hence mirror loss) does not vary signicantly in the wavelength range simulated,
as the mode is well conned in the nanowire. In contrast, the TM01 mode is close to cut-o
at long wavelengths, which is why the mirror loss for the TM01 mode increases sharply at
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Figure 3.14: a. Amplied spontaneous emission spectra (ASE), showing the emergence
of lasing peak at 883 nm that is red-shifted with respect to the gain maximum at 850 nm.
b. Calculated threshold gain as a function of wavelength for guided modes supported in
a 440 nm diameter, 6.2 µm long core-shell-cap nanowire. Overlayed on this plot is the
material gain spectra of GaAs at 360 K at various carrier densities. Lasing is only possible
in the spectral range where the gain curve overlaps with the threshold gain curve. The
threshold gain is lowest for TM01 mode and the intersection of the gain curve at 880 nm
corresponds well with the emerging lasing peak in the ASE spectra. Adapted from [51].
long wavelengths.
Threshold gain Threshold gain was calculated using Equation 1.2 and the data presen-
ted in Figure 3.13, and is presented in Figure 3.14b. For all modes, threshold gain is larger at
shorter wavelengths due to larger absorption in the shell and cap layers and is lowest at long
wavelengths where αi ~ 0 (near the band edge of GaAs). The TM01 mode has the lowest
threshold gain for wavelengths longer than 860 nm and the HE11a,b modes have the lowest
threshold gain at shorter wavelengths (less than 860 nm).
Figure 3.14a shows the ASE spectrum of the nanowire laser (replicated from Figure 3.10a).
The spectrum has a broad peak at 850 nm and a narrow amplied peak is observed on its
shoulder at 883 nm. We note that the band edge of GaAs is around 895 nm, which is at longer
wavelength than that expected at room temperature. This is because of laser-induced heating,
which is signicant because the nanowires are mostly surrounded by air and the contact area
between the nanowire and the ITO coated substrate is small. To estimate the temperature of
the optically pumped nanowire, we tted the spontaneous emission spectrum using Equation
3.10. The temperature was estimated to be 360 K near threshold.
The gain spectrum of GaAs calculated at T = 360 K for various carrier densities is over-
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layed on the threshold gain plot in Figure 3.14b. As the carrier density increases, the threshold
gain requirement is rst met for the TM01 mode at wavelengths longer than the material gain
peak, and this wavelength matches well with the position of the emerging lasing peak shown
in Figure 3.14a (the slight discrepancy is because we used room temperature refractive index
values for threshold gain modelling, while T = 360 K for material gain modelling). The inter-
section of gain and loss curves suggests that TM01 mode is the mode that lases in our room
temperature experiments.
3.4.4 Rate equation analysis
Rate equation analysis is a useful method to estimate various parameters of a laser, such as
threshold gain (gth), threshold carrier density (Nth) and β factor. While the threshold gain can
also be estimated by modelling, as discussed above, it was dicult to model the end facets
of the nanowire accurately (the bottom end of the nanowire is rough, as shown in Figure
3.12), and thus obtain an accurate estimate for the threshold gain of our devices. Here we will
discuss how we modelled the L-L characteristics of the nanowire laser using rate equations
(shown earlier in Figure 3.10c) and discuss the parameters estimated by tting the L-L curve
to the experimental data.
Rate equations for an optically pumped semiconductor laser, with a single lasing mode,
can be written as8 [22]:
dN
dt
=
ηpP (t)
~ωVa
− N
τnr
− N
τr
− CN3 − vggS (3.12)
dS
dt
= Γvg (g − gth) S + ΓβN
τr
(3.13)
where N is the carrier density in the active region and S is the photon density in the lasing
mode. In the rst equation, the terms on the right hand side (from left to right) are: generation
rate, nonradiative recombination rate, spontaneous emission rate, Auger recombination rate
and stimulated emission rate. In the second equation, the positive terms refer to the genera-
tion rate of photons in the lasing mode due to stimulated emission and spontaneous emission
and the negative term refers to the rate of photon loss from the cavity. We will describe the
various parameters appearing in the rate equations in further detail below.
Optical pump power Since a pulsed laser was used in experiments, the optical pump
power P (t)was modelled as a time-dependent function of the form Ppsech2 (1.76t/∆t), where
Pp is the peak power of the pulse and ∆t is the pulse width. Pp was calculated by equating
energy delivered in one pulse with the energy delivered over one duty cycle: Pp∆t = Pave/ fp,
8The rate equations can be written in more than one way.
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where Pave is the time-averaged power of the pump laser and fp is the repetition rate. For
the pump laser ∆t = 400 fs and fp = 20.8 MHz.
Pumping eciency and volume The carrier generation rate under optical pumping
is given by ηpP(t)/~ωVa, where ηp, ~ω and Va is the pumping eciency, photon energy (of
pump laser) and volume of the nanowire core (active region), respectively. ηp is estimated by
fcoreσabs/Ap , where fcore is the fraction of power absorbed in the nanowire core relative to
the total power absorbed in the nanowire, σabs is the absorption cross-section of a core-shell-
cap nanowire lying on SiO2 substrate and Ap is the excitation spot area used in the optical
pumping experiments. fcore of 60% and σabs of 2.25 × 10−8 cm2 were calculated from FDTD
simulations. For the simulations, the core-shell-cap nanowire heterostructure was modelled
using the dimensions measured from SEM images (see Figure 3.6b and Figure 3.12). The
nanowire volume V and the active region volume Va were also estimated using the measured
dimensions.
Recombination rate coecients The minority carrier lifetime, measured from TRPL
measurements on the same nanowire at very low excitation, was used as an estimate for the
nonradiative lifetime τnr. The radiative (or spontaneous emission) lifetime τr was estimated
using the values reported for GaAs at high carrier densities [112] (the average carrier density
is estimated to be ∼ 2.5×1019 cm-3 at threshold using Equation 3.8). We note that although τr
depends on carrier density (decreasing with increasing N) at high carrier densities τr saturates
and is approximately a constant. Since the L-L experimental data was tted over a narrow
excitation range (in Figure 3.10c), it was justiable to use a constant value for τr in the rate
equations. We also included the Auger recombination term in the rate equations, since Auger
recombination becomes signicant beyond carrier densities of 2.5× 1019 cm-3 in GaAs [113].
For the Auger recombination coecientC, we used the value reported for intrinsic bulk GaAs
[113].
Material gain The material gain was calculated for bulk GaAs at T = 360 K (temper-
ature of the optically pumped nanowire near threshold) using Equation 3.5. The material
gain spectrum was calculated as a function of N . The peak gain at λ = 883 nm was then
determined from the material gain spectrum and was tted using the following analytical
function:
g (N) = g0 ln
(
N + Ns
Ntr + Ns
)
(3.14)
The parameters g0, Ns and Ntr were determined from curve tting: g0 = 715 cm-1, Ns =
−7.02 × 1018 cm-3, Ntr = 2.05 × 1018 cm-3.
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Table 3.2: Denition of parameters used in rate equations and values used for the tting
the L-L data of GaAs nanowire laser.
Parameter Denition Value
ηp
fraction of optical pump power
absorbed by active region 1%
~ω pump laser photon energy 2.375 eV
Va volume of the GaAs core
~32% of nanowire volume V ,
V = 9.1 × 10−13 cm3
τnr
non-radiative lifetime
(estimated from minority
carrier lifetime τmc)
0.44 ns
τr radiative lifetime 1 ns
C
Auger recombination
coecient 7 × 10
−30 cm6 s-1
vg
group velocity of the lasing
mode
c
ng
where ng = 4.6
Γ mode connement factor 0.71
gth threshold gain 1820 cm-1
β spontaneous emission factor 0.015
Modeparameters The TM01 mode is predicted to be the lasing mode based on threshold
gain modelling and so mode parameters of the TM01 mode were used. The group velocity
vg and Γ of the TM01 mode at the lasing wavelength (883 nm) were estimated from MODE
simulations (see previous section on threshold gain modelling for further details).
Rate equation ts The rate equations were numerically evaluated using the parameters
discussed above and those provided in Table 3.2, with initial estimates for gth and β. The
photon density (S) was integrated over time over one period of the pump laser (~48 ns) and
graphed on a log scale with pump uence Pave/
(
Ap fp
)
on the x-axis (L-L curve). The exper-
imental data, integrated spectral emission at 883 ± 2 nm as a function of pump uence, was
also graphed on the same plot. Firstly, gth was varied to match the threshold uence of the
L-L curve derived from rate equations to the threshold uence of the nanowire laser. Then β
was varied to t the ‘kink’ in the L-L curve. As shown in Figure 3.15a, the values for gth and
β that best t the experimental data are 1820 cm-1 and 0.015, respectively. The experimental
data and the best t to the data are also shown in Figure 3.10c. From the estimate of gth, we
estimate a cavity Q factor of 253 for the nanowire laser.
We note that the threshold gain estimated using rate equation analysis is much larger
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Figure 3.15: a. L-L curves modelled using rate equations, with gth = 1820 cm-1and
dierent values of β factor. A smaller β factor results in a more pronounced ‘kink’ at
threshold. The curve with β = 0.015 best ts the experimental data (black dots). b.
Carrier density, photon density and excitation pulse as a function of time at three dierent
excitations: below threshold (177 µJ cm-2pulse-1), at threshold (207 µJ cm-2pulse-1) and
above threshold (240 µJ cm-2pulse-1).
than that estimated from threshold gain modelling (discussed in the previous section). This
is because the end facets of the nanowire are not perfect and so mirror loss is expected to be
much larger than that estimated from the modelling. Because of the larger threshold gain, the
threshold carrier density is also much larger than that estimated earlier in this chapter. By
inverting Equation 3.14 and using gth = 1820 cm-1, a threshold carrier density of 2.5 × 1019
cm-3 is estimated for the nanowire laser.
Transient behaviour Since excitation of the nanowire is with a pulsed laser, the carrier
density (and thus gain) varies in time. To understand the transient behaviour of the carrier
and photon densities in the nanowire, we graphed the solutions to the rate equations (with
gth = 1820 cm-1 and β = 0.015) at various pump powers. Figure 3.15b shows the transient
response of the carrier and photon densities modelled at three dierent pump powers: be-
low threshold, at threshold and above threshold. The pulse shape of the pump laser is also
shown. The transient behaviour of the carrier and photon densities is quite dierent be-
low and above the lasing threshold. Below threshold, carrier recombination is dominated by
surface recombination and spontaneous emission and the generated carriers decay relatively
slowly. However above threshold, the generated carriers are quickly consumed by stimulated
emission, which occurs on a much shorter timescale. The rapid decay of the carrier density to
below threshold is followed by the emission of a short laser pulse. The laser pulse is emitted
approximately 5-10 ps after excitation, depending on the excitation power above threshold.
This time delay is related to the time required to build up the photon density in the cavity
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before net gain is achieved.
3.5 Summary
In this chapter, we demonstrated GaAs nanowire lasers that operated at room temperature.
This was achieved by optimising the cavity design to reduce threshold gain and by improving
the QE of GaAs nanowires through surface passivation. From threshold gain modelling, it was
shown that the nanowire diameter had to be larger than 300 nm to minimise threshold gain.
It was also shown from threshold calculations that the very low QE of bare GaAs nanowires,
as a result of large surface recombination, inhibits lasing at room temperature. Thus, large-
diameter surface-passivated GaAs nanowires were required for this study. To obtain both
large diameters and provide surface passivation, high quality GaAs nanowires were grown
with an AlGaAs shell and a GaAs cap. The core-shell-cap nanowires were characterised by
SEM and were shown to have high structural quality and adequate dimensions to form low-
loss optical cavities. Nanowires were also shown to be well passivated and have high QE,
based on lifetime measurements. Room-temperature lasing was hence demonstrated by op-
tically pumping individual nanowires that were transferred onto low index substrates. The
threshold uence and carrier density of a particular GaAs nanowire laser characterised were
~207 µJ cm-2pulse-1 and 2.5 × 1019 cm-3, respectively.
Our demonstration of room-temperature GaAs nanowire lasers is a major step towards
the development of novel optoelectronic devices using this material system. The next steps
in taking this research forward would be to out-couple light from these nanowire lasers to
nanoscale optical waveguides, achieve lasing via electrical pumping and reduce the physical
dimensions of these lasers further. In the following chapter, we will investigate the possibility
to reduce the threshold power further, by incorporating quantum conned active regions
within the nanowire.
Chapter 4
GaAs/AlGaAs multi-quantum well
nanowire lasers
4.1 Introduction
Reducing the threshold current of lasers (or threshold power for optically pumped lasers)
is necessary for commercial applications as a lower threshold translates to lower operating
costs. The lasing threshold in semiconductor lasers can be reduced by using quantum con-
ned active regions [122]. Figure 4.1 shows the progress in reducing the threshold current
density1 of conventional semiconductor lasers (based on planar structures) across time. As
the dimensionality of the active region has reduced, from bulk to QW to QD, the threshold
current density has reduced by orders of magnitude. The lower threshold current density in
lasers with quantum conned active regions is because of the modication of the density of
states, which results in larger material gain compared to bulk semiconductors [22]. Besides
lower threshold, lasers with quantum conned active regions can have larger modulation
bandwidth, larger dierential gain and better temperature stability [123]. However, to real-
ise these potential benets, the laser cavity must be properly designed, and growth of the
quantum conned structures must be optimised to obtain excellent control over their thick-
ness, uniformity, composition and placement within the cavity. As shown in Figure 4.1, the
initial demonstrations of QW and QD lasers had much higher thresholds than the best bulk
semiconductor lasers at that time, and it was only because of improvements in growth and
cavity design that lower thresholds were realised.
In this chapter, we investigate nanowire lasers with GaAs/AlGaAs multiple quantum well
(MQW) gain regions, for reducing the threshold of nanowire lasers. To achieve this, we rst
investigate the design of a MQW nanowire laser. From the modelling, we obtain important
design criteria, such as the minimum number of QWs required to achieve room-temperature
lasing and the optimal QW thickness to minimise threshold carrier density. Then based on
the design, we grow MQW nanowire heterostructures that exhibit excellent structural and
1Threshold current density is the threshold current divided by the active region volume.
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Figure 4.1: Reduction in threshold current density of semiconductor laser diodes over
time. Semiconductor lasers with quantum conned active regions (QWs or QDs) have
much lower threshold current densities than those with bulk active regions (p-n junction
or double heterostructures). Adapted from [124].
optical characteristics, and demonstrate low-threshold room-temperature lasing from these
nanowires [59].
4.2 Design of a MQW nanowire laser
We will investigate the design of a nanowire laser with coaxial GaAs/AlGaAs multi-quantum
well (MQW) active regions. The heterostructure is illustrated in the schematic in Figure 4.2
and consists of a GaAs core surrounded by an AlGaAs shell, coaxial GaAs/AlGaAs MQW
shells and a thin GaAs cap (to prevent oxidation of the Al containing barriers). The nanowire
has a hexagonal cross-section2 and is lying horizontally on a SiO2 substrate in order to func-
tion as a F-P type cavity.
As shown in Figure 4.2, there are several parameters, other than the nanowire dimen-
sions, that must be considered for the design, such as the core diameter dc , cap thickness tc ,
barrier composition, well thickness tw , barrier thickness tb and number of QWs nw . Hence, to
simplify the modelling, we will x the values for some of these parameters. We will assume
that the GaAs MQWs are of equal thickness, uniformly separated and uncoupled (barriers
are thick enough to prevent coupling). In addition, we will assume that the AlGaAs barriers
have a uniform Al concentration of 42% (which is the measured Al fraction in nanowires,
see Section 4.3.2.2). Since the Al concentration in the barriers is xed, the quantum conned
energy levels at a given temperature are mainly determined by tw . Therefore, tw in our study
2The core was modelled to be circular because the nanowires grown initially for this study had a Reuleaux
triangular shape. Modelling the exact shape of the core would not have made a signicant dierence to the results,
as its diameter is small compared to that of the nanowire.
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Figure 4.2: Schematic illustration showing the cross-section of a GaAs/AlGaAs MQW
nanowire laser, with nw = 8 MQWs. The diameter of the nanowire is D = dc+2(ts+nwtw+
nwtb+ tc), where dc is the diameter of the GaAs core, ts is the thickness of the rst AlGaAs
layer, tw is the GaAs QW thickness, tb is the AlGaAs barrier thickness and tc is the GaAs
cap thickness. The nanowire diameter and shell thicknesses are measured horizontally (in
the direction of the vertex). The AlGaAs layers have uniform Al concentration of 42%.
determines the peak emission wavelength λ0 from the QWs and the wavelength at which
the cavity is to be designed. For the modelling, we will consider tw of 2, 4 and 6 nm, corres-
ponding to room-temperature emission wavelengths λ0 = 730, 800, 830 nm, respectively (see
Section 4.2.2.1).
To design the QW nanowire lasers, we will use a two-step approach, in which we will
model the cavity loss and modal gain separately.3 Firstly, we will model loss to identify the
mode that has the lowest loss in the MQW nanowire heterostructure and the nanowire di-
mensions to achieve low loss. Then, for a nanowire with xed dimensions, we will optimise
the placement, number and thickness of the QWs to maximise modal gain for the mode with
the lowest loss. The modelling of modal gain/loss is discussed in the following sections below.
4.2.1 Modelling loss
As shown in the previous chapter, absorption in the cavity can have a signicant eect on
the lasing mode and the lasing wavelength. In the core-multishell GaAs/AlGaAs nanowire,
shown in Figure 4.2, the emission from the GaAs/AlGaAs QWs can be absorbed by the GaAs
core and cap (which have bulk-like properties). Thus, to model loss for a GaAs/AlGaAs MQW
nanowire laser, we need to consider both intrinsic and mirror loss (i.e. αi+αm ). For modelling
loss, we will approximate the MQW nanowire heterostructure by a core-shell-cap nanowire.
This simplication is justied because the volume of the GaAs MQWs is small compared to
3This is necessary because the threshold gain cannot be modelled explicitly for a laser with anisotropic gain
(such as QWs), as explained in Section 4.2.2.
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the AlGaAs barriers and the small index variation between QWs and barriers only has a minor
eect on the mode proles and the mode reectance (for calculating αm).
4.2.1.1 Intrinsic loss
To model the intrinsic loss αi for various guided modes as a function of nanowire diameter,
we xed the core diameter and cap thickness and varied the shell thickness. The core-shell-
cap nanowire heterostructure was modelled in Lumerical MODE Solutions and guided modes
were evaluated at a xed wavelength. For these calculations, the complex refractive index was
used for all materials. The complex refractive index for SiO2 and GaAs was taken from Palik
[100] and the complex refractive index for Al0.42Ga0.58As was taken from Aspnes [125]. Since
the GaAs core and cap are absorbing (the imaginary part of the index is non-zero) in these
simulations, the eective index calculated is a complex number (n˜eff ). The real part of n˜eff is
the mode eective index (neff ), which was dened earlier in the previous chapter, and the
imaginary part of n˜eff gives the mode propagation loss (or intrinsic loss): αi = 2k0Im(n˜eff ),
where k0 = 2pi/λ0 is the wavenumber.
Figures 4.3a-b shows the mode eective index and intrinsic loss in a GaAs/AlGaAs/GaAs
core-shell-cap nanowire with 80 nm diameter core and 5 nm thick cap, as a function of
nanowire diameter. A schematic illustration of the waveguide cross-section is shown in the
inset of Figure 4.3b. The mode wavelength λ0 was 800 nm for these calculations, which cor-
responds to the ground state emission from a 4 nm-thick QW at room temperature. As shown
in Figure 4.3b, intrinsic loss is the lowest for the TE01 mode for all nanowire diameters above
its cut-o. This is because the TE01 mode has a very poor overlap with the absorbing GaAs
core and cap regions (see Figure 4.8a). In general, the intrinsic loss for all modes decreases
with increasing diameter. This is because the volume fraction of the passive region in the
nanowire decreases as the AlGaAs shell thickness increases (i.e. the mode overlap with the
AlGaAs shell increases).
4.2.1.2 Mirror loss
Mirror loss for a core-shell-cap nanowire lying on a SiO2 substrate was calculated in a similar
way to that explained in the previous chapter. The nanowire end facets were modelled to
be perfectly planar and mode reectance from nanowire/air end facet was determined from
3D-FDTD simulations. The Au nanoparticle used for growth was not modelled here, because
its diameter was much smaller than the nanowire diameter (see Figure 4.12) and because the
nanowire head (with the Au nanoparticle) could be removed while transferring nanowires
onto low index substrates (see Figure 4.13). To calculate mode reectance at various nanowire
diameters, the core diameter and cap thickness were xed to 80 and 5 nm, respectively, while
the shell thickness was varied. However unlike the MODE simulations for calculating αi ,
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Figure 4.3: a-c. Eective index, intrinsic loss and mirror loss in a GaAs/AlGaAs/GaAs
core-shell-cap heterostructure nanowire, as a function of nanowire diameter. The dia-
meter of the core is 80 nm, cap thickness is 5 nm and mode wavelength is 800 nm. The
inset in b shows a schematic of the nanowire cross-section.
only the real part of the refractive index was used for all materials in these simulations.
Figure 4.3c shows mirror loss as a function of the nanowire diameter calculated from
the mode reectance (at λ0 = 800 nm) and assuming L = 5 µm. The mirror loss is lower at
larger diameters and the mode with the lowest mirror loss depends on the nanowire diameter.
These calculations show that for a nanowire laser in which intrinsic loss is negligible, that is
αi  αm, dierent modes can lase depending on the nanowire diameter.
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Figure 4.4: Modal loss as a function of the nanowire diameter in a GaAs/AlGaAs/GaAs
core-shell-cap nanowire with: (a) an 80 nm-diameter core and 5 nm-thick cap; (b) an
80 nm-diameter core and 10 nm-thick cap. The nanowire is 5 µm long and the mode
wavelength is 800 nm. The inset shows a schematic of the nanowire cross-section. Adap-
ted from [59].
4.2.1.3 Net modal loss
The net loss in a 5 µm long GaAs/AlGaAs/GaAs core-shell-cap nanowire with an 80 nm-
diameter core and 5 nm-thick cap was calculated using the intrinsic and mirror loss discussed
above, and is presented in Figure 4.4a. The TE01 mode has the lowest loss for all diameters
above its cut-o diameter (~240 nm), because of its low intrinsic loss. The intrinsic loss for
all other modes is comparatively larger, and consequently, their net loss is also larger. This
behaviour is quite dierent to the modal loss in a nanowire with a homogeneous bulk gain
medium, where dierent modes can have the lowest loss depending on the nanowire diameter
(see threshold gain modelling in Chapters 3 and 5). Since the TE01 mode has the lowest loss
in this nanowire heterostructure, it is the best mode for the design of the GaAs/AlGaAs MQW
nanowire laser.
We also modelled the net loss in a GaAs/AlGaAs/GaAs core-shell-cap nanowire with a
thicker cap (10 nm), keeping all other parameters (core diameter, nanowire length and mode
wavelength) the same. The net loss for a nanowire with 10 nm-thick cap is shown in Figure
4.4b. The relative dierence in loss between the TE01 mode and all other modes is much larger
in this case compared to when the cap was 5 nm thick. Thus, a thicker cap is advantageous
for reducing mode competition and for obtaining single-transverse-mode lasing4. For the
remainder of this study, however, we will focus on the design with 5 nm-thick cap, as the net
loss is much lower.
In the modelling presented so far, the mode wavelength and nanowire length were xed
4Multiple transverse modes can lase if the relative dierence in loss between the lowest loss mode and other
modes is small.
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and the net loss was modelled as a function of the nanowire diameter. Figures 4.5a-b presents
the loss for the TE01 mode as a function of wavelength in a 420 nm-diameter nanowire (with
an 80 nm-diameter core and 5 nm-thick cap), for three dierent cavity lengths: L = 2.5, 5 and
10 µm. Note that the wavelength range of 700-850 nm covers the spectral range of emission
from GaAs/Al0.42Ga0.58As QWs with tw ranging between 2 to 6 nm (see Figure 4.6). In this
wavelength range, the loss for the TE01 mode does not vary signicantly because the mode
is well conned in the nanowire. The loss at a wavelength of 800 nm is 830, 1200, 1940 cm-1
for L = 2.5, 5 and 10 µm, respectively. The loss is slightly larger at shorter wavelengths due
to the larger absorption coecient in GaAs.
We also modelled loss as a function of wavelength in a larger (480 nm) diameter nanowire.
The loss as a function of wavelength for the two lowest loss modes (TE01 and HE31b modes) in
this diameter nanowire are presented in Figures 4.5c-d. Unlike the TE01 mode, the loss for the
HE31b mode varies signicantly with wavelength, since it is close to its cut-o diameter. Loss
is also shown for dierent cavity lengths in these gures. For shorter nanowires (L = 2.5 µm),
loss for the HE31b mode is comparable to that for the TE01 mode (particularly at 810 nm) while
for longer nanowires (L = 10 µm) the dierence in loss between the two modes is much larger.
Since the relative dierence in loss for these two modes increases with increasing nanowire
length, longer nanowires would be benecial for obtaining single-transverse mode lasing
(from the TE01 mode). In addition, unlike the design with larger cap thickness, increasing
the nanowire length has the advantage of reducing the net loss as well.
We also examined how loss would vary if the reectance at the nanowire end facets was
lower than that estimated from the modelling (due to imperfect end facets). In Figures 4.5b,d
we model loss for the TE01 and HE31b modes using mode reectance values that are a factor
of 2 less than those calculated for a perfect planar end facet (i.e. R/2). The nanowire length
was 5 µm for these calculations. As shown in these gures, the loss for the TE01 and HE31b
modes is ~2 times larger if the end facet reectance is reduced by a factor of 2. Thus, varying
the mode reectance does not aect the relative dierence between the loss for TE01 and
HE31b modes, unlike varying the cavity length (see Figure 4.5c).
In summary, the TE01 mode has the lowest loss in a core-shell-cap nanowire with passive
core and cap regions and so is the best mode for the cavity design. Generally for all modes,
loss decreases with increasing nanowire diameter and length. Loss is also lower at longer
wavelengths due to lower absorption in GaAs core and cap. For the next part of this study,
we will model modal gain in a 420 nm-diameter nanowire, with an 80 nm GaAs core and
5 nm-thick GaAs cap. At this diameter, loss for TE01 mode is small and the dierence in
loss between the TE01 mode and other modes is large. This diameter is also below the cut-
o diameter for the low-loss higher order HE modes, which could potentially lase in large
diameter nanowires.
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Figure 4.5: Loss for the TE01 mode as a function of wavelength in a 420 nm (a-b) and
480 nm-diameter (c-d) GaAs/AlGaAs/GaAs core-shell-cap nanowire with 80 nm-diameter
core and 5 nm-thick cap. The loss for the HE31b mode is also shown in c-d. The loss is
estimated for dierent cavity lengths: 2.5 µm (purple), 5 µm (black), 2.5 µm (orange). The
loss in a nanowire with imperfect end facets with reectance that is reduced by a factor
of 2 (green) is shown in b and d.
4.2.2 Modelling modal gain
Modal gain is the product of the mode connement factor and material gain. Unlike a bulk
semiconductor gain medium for which material gain is isotropic5, the material gain in QWs
is anisotropic and depends on the polarisation of the electric eld with respect to the QW
plane [23, 122]. The modal gain Gm in a laser with QW active regions can be expressed as:
Gm = Γ‖g‖ + Γ⊥g⊥ (4.1)
where g‖ and g⊥ is the material gain parallel and perpendicular to the QW plane, respectively,
and Γ‖ and Γ⊥ are separate mode connement factors for the two dierent polarisations. We
will use Equation 4.1 for modelling modal gain in a MQW nanowire laser. In order to do so,
we will rst model material gain in GaAs/AlGaAs QWs and model connement factors for
guided modes supported in a nanowire with coaxial QW gain regions.
5With the exception of wurtzite-type semiconductors, for which gain is also polarisation dependent.
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Figure 4.6: GaAs/Al0.42Ga0.58As QW material gain spectrum at sheet carrier densities of
4, 6 and 8×1012 cm-2 and QW thickness of 2, 4 and 6 nm. The material gain for TE polarisa-
tion (electric eld parallel to QW plane) and TM polarisation (electric eld perpendicular
to QW plane) is shown in a and b, respectively.
4.2.2.1 Material gain in GaAs/AlGaAs QWs
For this study, we used the material gain of planar GaAs/AlGaAs QWs as an estimate for the
material gain of coaxial QWs embedded in nanowires. To model the material gain of planar
GaAs/Al0.42Ga0.58As QWs we used a commercially available software package from Nonlinear
Control Strategies (Simulase) [126]. The software uses an 8 × 8 k · p model to calculate the
single particle wavefunctions and subband energy levels and uses a microscopic many-body
gain model to calculate the material gain. We calculated the material gain at T = 300 K for
GaAs QWs of thickness 2, 4 and 6 nm. The Al0.42Ga0.58As barriers were 10 nm wide for these
calculations and were described by a bulk material model. The material gain spectrum at
three dierent sheet carrier densities (4, 6 and 8×1012 cm-2) for electric eld polarised in-
plane to the QWs (g‖) and perpendicular to the plane of the QWs (g⊥) is shown in Figures
4.6a-b, respectively. The peak gain of g‖ is larger than the peak gain of g⊥ at these sheet
carrier densities, particularly for thinner GaAs QWs (2 nm). Modal gain is thus expected to
be larger for modes with electric eld polarised in-plane to the QWs.
To model material gain as a function of carrier density we calculated the peak gain from
the material gain spectra. Figure 4.7 shows the peak gain as a function of sheet carrier density
(N2D) and the wavelength at which the peak gain occurs (λ). Note that the sheet carrier
density is shown on a log scale. The peak gain is proportional to log (N2D) at low carrier
densities and saturates at large carrier densities due to carrier overow from the well into
the barriers. For the thinner (2 and 4 nm-wide) QWs, gain saturation occurs at ~4 × 1013
cm-2. At this sheet carrier density, however, the peak gain for the 6 nm-wide QW continues
to increase. The gain at large carrier densities for the 6 nm-wide QW is from higher subband
transitions, which are not conned in thinner QWs at room temperature. Note that the peak
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Figure 4.7: Peak material gain versus sheet carrier density (and wavelength at which the
peak gain occurs) for a GaAs/Al0.42Ga0.58As QW with QW thickness of 2, 4 and 6 nm. The
material gain for TE polarisation (electric eld parallel to QW plane) and TM polarisation
(electric eld perpendicular to QW plane) is shown in a and b, respectively.
gain from higher subband transitions is at much shorter wavelengths than for ground state
transitions. The wavelength of peak gain from ground state transitions (E1QW → HH1QW) is
approximately 730, 800 and 830 nm for 2, 4 and 6 nm-thick QWs, respectively, as previously
suggested.
The peak gain values shown in Figure 4.7 are for a single QW and will be used later for cal-
culating modal gain. For the modal gain calculations, we will assume that the coaxial MQWs
embedded in nanowires are uniform in thickness, uncoupled and uniformly populated, so
that each QW provides an equal amount of gain. With these assumptions, modal gain for a
MQW laser can be easily modelled using Equation 4.1, where g‖ and g⊥ are the material gain
determined for a single QW and Γ‖ and Γ⊥ are the mode connement factors calculated in a
nanowire with nw ≥ 1 MQWs. The denition and calculation of mode connement factors
will be discussed next.
4.2.2.2 Mode connement factor with anisotropic gain
The mode connement factor in a nanowire with isotropic gain medium was dened in the
previous chapter, in Equation 3.2, and is reproduced below:
Γ =
cε0n
∬
active
1
2 |E|2 dxdy∬
1
2Re [E ×H∗] · zˆ dxdy
(4.2)
To dene the mode connement factor in a nanowire with coaxial MQWs, we rst express the
numerator in Equation 4.2 in cylindrical polar co-ordinates (ρ, φ, z): |E|2 = |Eρ |2 + |Eφ |2 +
|Ez |2. Then if we approximate the coaxial MQWs as cylindrical shells, the |Eφ |2 and |Ez |2
electric eld components will be parallel to the QW plane and |Eρ |2 electric eld component
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will be perpendicular to the QW plane. Thus, by splitting the electric eld intensity in the
numerator into two parts, we can dene Γ‖ and Γ⊥ as:
Γ‖ =
cε0n
∬
active |Eφ |2 + |Ez |2 dxdy∬
Re [E ×H∗] · zˆ dxdy , Γ⊥ =
cε0n
∬
active |Eρ |2 dxdy∬
Re [E ×H∗] · zˆ dxdy (4.3)
Note that Γ = Γ‖+Γ⊥ and that Γ‖ and Γ⊥ can be easily calculated for dierent guided modes (in
a given heterostructure) from their eld proles determined from MODE Solutions. We will
use Equation 4.3 for calculating the mode connement factors in dierent MQW nanowire
heterostructures (varying the placement, thickness and number of QWs). Since the TE01
mode has the lowest loss in our design, we will rst discuss the mode connement factor for
the TE01 mode and the ideal placement of MQWs in the nanowire to maximise modal gain
for the TE01 mode.
4.2.2.3 Mode connement factor for TE01 mode
Let us consider a 420 nm-diameter nanowire with an 80 nm diameter GaAs core, 5 nm-thick
GaAs cap and a single coaxial GaAs/AlGaAs QW with uniformly thick AlGaAs barriers6. The
electric eld intensity prole of the TE01 mode in the cross-section of this structure is shown
in Figure 4.8a-b. The magnitude and direction of the electric eld is also shown in Figure
4.8a. The TE01 mode has a doughnut-shaped intensity prole and the maximum intensity of
the TE01 mode coincides with the placement of the coaxial QW. Moreover, the electric eld
is azimuthally polarised and is approximately parallel to the coaxial QW. Since g‖ is larger
than g⊥ in GaAs/AlGaAs QWs (see Figure 4.6) and the overlap between the TE01 mode and
the QW large, we expect the largest modal gain for the TE01 mode in this structure.
The TE01 mode, because of its polarisation and mode prole, is also expected to have the
largest modal gain in other diameter nanowires containing a coaxial QW, provided that the
QW is ideally placed in the nanowire. Figure 4.8c shows the position of the TE01 mode intens-
ity maximum along the y-direction in a core-shell-cap nanowire as a function of nanowire
diameter (note that the core diameter and cap thickness are xed and the only the AlGaAs
shell thickness is varied). The position that is equidistant from the 80 nm-GaAs core and the
5 nm-thick GaAs cap is indicated by the red line. As shown in the gure, the peak intensity
of the TE01 mode is approximately equidistant from the core and cap for all nanowire dia-
meters. Thus, placing the QW equidistant from the core and cap in our design is a suitable
choice to maximise the modal gain for the TE01 mode.
We used Equation 4.3 to calculate connement factors for the TE01 mode in a 420 nm-
diameter nanowire with a single coaxial QW placed equidistant from the core and cap. Be-
6The AlGaAs barriers are uniform in thickness when measured along the vertical direction (normal to the
QW plane). However, because the nanowire is hexagonal and the core circular, the inner AlGaAs shell is slightly
thicker than the outer AlGaAs shell when measured along the horizontal direction.
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Figure 4.8: a. Electric eld intensity prole of the TE01 mode in a 420 nm-diameter
nanowire lying on a SiO2 substrate. The nanowire has an 80 nm-diameter GaAs core, 83.6
nm-thick AlGaAs shell, 4 nm-thick GaAs QW, 77.4 nm-thick outer AlGaAs shell and 5-nm
thick GaAs cap. Note that the AlGaAs shells have a uniform thickness of 67 nm when
measured in the y-direction. The mode wavelength is 800 nm. b. The mode prole in the
nanowire along the dashed grey line shown in a (y-direction). The position of the QW is
close to the eld maximum. c. The position of the eld maximum (back dots) along the
y-direction in the nanowire, as a function of the nanowire diameter. The eld maxima are
located approximately at the midpoint of the shell in the nanowire.
cause of its polarisation, Γ⊥ = 0 and so Γ = Γ‖ for the TE01 mode. Γ for the TE01 mode in a
single QW nanowire heterostructure for dierent QW thicknesses (2, 4 and 6 nm) is shown
in the rst row of Table 4.1. Although the QW is placed at the optimal position within the
nanowire, Γ is very small. This is because the volume of the QW is much smaller in com-
parison to the mode. To increase Γ and thus increase modal gain, multiple QWs can be used.
However, the barriers have to be suciently thick to avoid coupling and the QWs have to
be suitably placed near the maxima of the mode intensity prole. Note that in planar MQW
structures, barrier thicknesses larger than 10 nm are required to avoid coupling [127].
Optimal placement of MQWs Based on the above discussion, modal gain for TE01 mode
will be the largest if the MQWs are clustered around the midpoint between the core and cap in
the nanowire and are separated by the minimum distance that is necessary to avoid coupling.
To design such a structure, the inner and outer AlGaAs shells would have to be thicker than
the AlGaAs shells between the coaxial QWs. Although it is relatively straightforward to
calculate the dierent barrier thicknesses required for such a structure, for the remainder
of this study, we will investigate a MQW nanowire heterostructure with uniform barrier
thickness, due to its simpler design.
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Table 4.1: Mode connement factor for TE01 mode in a 420 nm-diameter nanowire. The
GaAs/AlGaAs MQW nanowire has an 80 nm-diameter GaAs core and 5 nm-GaAs cap.
The barrier thickness is uniform along the y-direction and is given by Equation 4.4. The
mode wavelength is 730, 800 and 830 nm for the quantum well thickness of 2, 4, and 6 nm,
respectively.
tw = 2 nm tw = 4 nm tw = 6 nm
nw = 1 0.0244 0.0487 0.0730
nw = 3 0.0605 0.121 0.180
nw = 5 0.0947 0.190 0.276
nw = 8 0.146 0.287 0.426
Nanowire with uniformly distributed MQWs For a MQW nanowire with uniformly
thick barriers, the barrier thickness in the y-direction ty
b
is given by:
ty
b
=
Tys − nwtyw
nw + 1
(4.4)
where nw is the number of QWs, tyw =
√
3
2 tw is the well thickness in the y-direction and T
y
s
is the total shell layer thickness in the y-direction; Tys =
√
3
4 D −
√
3
2 tc − 12dc , where D is the
nanowire diameter, dc is the core diameter and tc is the cap thickness. Note that D, dc , tc and
tw are measured in the x-direction (see Figure 4.2). In a nanowire with D = 420 nm, dc = 80
nm and tc = 5 nm, Tys = 137.5 nm.
We used Equation 4.4 to model MQW nanowire heterostructures with dierent QW thick-
nesses and dierent number of QWs. The nanowires were modelled in Lumerical MODE Solu-
tions and guided modes were evaluated at dierent wavelengths (730, 800 and 830 nm) de-
pending on the QW thickness (2, 4 and 6 nm) specied in the heterostructure. Mode conne-
ment factors were then calculated using Equation 4.3 and the simulated mode proles. Table
4.1 shows the mode connement factor for the TE01 mode in a 420 nm-diameter nanowire
with dierent QW thicknesses (2, 4 and 6 nm) and dierent number of QWs (1, 3, 5 and 8).
The mode connement factor is proportional to the QW thickness and the number of QWs,
i.e. Γ ∝ twnw . However, the increase is not perfectly linear because the electric eld intensity
of the TE01 mode is not constant across the active region. While increasing nw is advant-
ageous for increasing Γ, there is a practical limit to how large nw (and thus Γ) can be due to
the nite diameter of the nanowire and the requirement that the barrier thickness has to be
large enough to avoid coupling. If we assume that the minimum barrier thickness to avoid
coupling is 10 nm, then for a 420 nm-diameter nanowire, we estimate that 8 is the maximum
number of uncoupled coaxial QWs that can be accommodated.
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Figure 4.9: Estimated modal gain for guided modes supported in a 420 nm-diameter
GaAs/AlGaAs MQW nanowire (with 8 MQWs) as a function of sheet carrier density. The
modal gain for QWs of thickness 2, 4 and 6 nm are shown in a–c, respectively. The hori-
zontal line is the loss for the TE01 mode in a 5 µm-long nanowire.
4.2.2.4 Modal gain in a MQW nanowire
Modal gain was calculated by multiplying the peak gain of the material gain spectrum with
the mode connement factors calculated using Equation 4.3. The modal gain for all guided
modes supported in a 420 nm-diameter nanowire containing 8 MQWs (with uniform barrier
thickness, 80 nm diameter core and 5 nm thick cap) and well thicknesses of 2, 4 and 6 nm
is shown in Figures 4.9a-c, respectively. The TE01 mode has the largest modal gain in a
nanowire with 2 nm-thick MQWs because g‖ > g⊥. However in thicker QWs or under high
injection, g⊥ is comparable to g‖ , and so modal gain for the higher order HE modes, which
are fully vectorial and have a good spatial overlap with the coaxial MQWs, is larger than the
modal gain for the TE01 mode.
The loss for the TE01 mode in a 420 nm-diameter, 5 µm-long nanowire with perfect end
facets is also shown in Figure 4.9 (horizontal lines). The loss for 2, 4 and 6 nm thick QWs was
estimated from the wavelength dependent loss shown in Figure 4.5b. Note that loss for all
other modes in this diameter nanowire is larger than 2.5 × 103 cm-1 (see Figure 4.4a) and is
beyond the data range shown in Figures 4.9a-c. The intersection of the gain and loss curves
denes the threshold sheet carrier density. The threshold sheet carrier density is clearly the
lowest for the TE01 mode in this diameter nanowire, and so the TE01 mode is predicted to
lase in our design.
4.2.3 Threshold carrier density and pump power requirements
As discussed above, the TE01 mode is the most favourable lasing mode in our design. Here we
will investigate the design requirements (such as number of QWs, QW thickness, nanowire
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length) to obtain room temperature lasing from the TE01 mode in a MQW nanowire laser.
Moreover, for a nanowire of xed dimensions, we will determine the optimal quantum well
thickness to minimise the threshold carrier density and optimal number of QWs to minimise
the threshold uence.
4.2.3.1 Optimal QW thickness
Figure 4.10a shows the TE01 modal gain in a 420 nm diameter nanowire with 2, 4 or 6 nm
thick GaAs QWs and nw = 1, 3, 5 or 8 as a function of sheet carrier density. The loss for the
TE01 mode in a 420 nm-diameter, 5 µm-long nanowire at mode wavelengths of 730, 800 and
830 nm (corresponding to QWs of thickness 2, 4 and 6 nm) is represented by the horizontal
lines. The loss is larger at shorter mode wavelengths because of larger absorption coecient
in GaAs core and cap. From the intersection of the gain and loss curves, it is clear that the
threshold cannot be attained with a single QW. At least 3 MQWs are required to achieve
room-temperature lasing for 6 nm-wide QWs, and 5 MQWs are required for 2 nm- and 4 nm-
wide QWs. The threshold sheet carrier density can be reduced by increasing the number of
QWs to 8, however, as noted earlier, 8 is the maximum number of uncoupled QWs that can
be accommodated in this diameter nanowire. The lowest sheet carrier density of 8.2 × 1012
cm-2 is achieved with 4 nm-wide 8 MQWs. The threshold sheet carrier density is larger for
2 nm-wide 8 MQWs because of the larger modal loss and for 6 nm-wide 8 MQWs because
of the lower material gain. Thus, 4 nm is the optimal width and 8 is the optimal number of
MQWs in this nanowire laser design.
We have also calculated the threshold sheet carrier density for the TE01 mode in a 420
nm-diameter nanowire with dierent lengths (L = 2.5 and 10 µm), as shown in Figure 4.10b.
While 4 nm-wide QWs have the lowest threshold sheet carrier density in nanowires with
8 MQWs, 6 nm-wide QWs are necessary to obtain lasing in nanowires with fewer MQWs
and shorter cavity lengths. As mentioned above, lasing is not possible at room temperature
with a single QW and the threshold for lasing reduces with increasing nw . We note that the
threshold reduction with increasing nw is not linear, because of the logarithmic dependence
of the material gain in QWs [22].
The gain/loss curves are a useful graphical technique for understanding how the threshold
requirements of nanowire lasers would change depending on loss. In Figure 4.10a, it is quite
apparent that the number of QWs and the QW thickness required to achieve lasing depends
critically on loss. If loss is much larger, due to poor reection coecient at nanowire end
facets, larger absorption, tapering and a shorter cavity length, then the threshold sheet carrier
density will increase substantially and lasing may not be possible (even with 8 MQWs) for
this diameter nanowire. Also, if loss is large, then the threshold carrier density in the QW
gain regions will be larger than that for a bulk gain medium (for metal-cavity nanolasers,
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Figure 4.10: a. Modal gain for TE01 mode as a function of sheet carrier density for dif-
ferent number of QWs (nw = 1, 3, 5 and 8) and QW thicknesses (2, 4 and 6 nm). The hori-
zontal lines are the modal loss for TE01 mode in a 420 nm-diameter, 5 µm-long nanowire
at wavelengths (730, 800 and 830 nm) corresponding to 2, 4 and 6 nm-thick QWs. Adap-
ted from [59]. b. Threshold sheet carrier density for the TE01 mode determined from the
gain/loss curves for nanowire lasers with dierent QW thicknesses, number of QWs and
cavity lengths.
which have a signicantly higher loss than nanowire lasers, bulk materials are predicted to
be better than QWs as the gain medium [128]). This emphasises the need for a low loss cavity
for demonstrating low threshold lasing in nanowires with QW gain regions.
4.2.3.2 Optimum number of QWs
Modal gain can also be modelled as a function of current density or pump intensity, for pre-
dicting the threshold requirement of electrically driven or optically pumped lasers, respect-
ively. As discussed in Chapter 3, the average carrier density generated in the active region
(Nave) can be estimated from the time-averaged pump power (or the pump uence) used in the
experiments (see Equation 3.8). Using Equation 3.8 and assuming that the pump laser spot-
size is much larger than the nanowire length, the pump uence Pfluence can be expressed
as:
Pfluence
(
µJ cm−2pulse−1
)
=
~ωVa
σabs
· Nave (4.5)
Note that the active region volumeVa is proportional to the QW thickness, the number of QWs
and the nanowire length: Va ∝ twnwL. Also note that the sheet carrier density N2D is equal to
twNave and that for large diameter nanowires, σabs is proportional to the nanowire diameter
and length (see Figure 3.5): σabs ∝ DL. Thus for a nanowire with a given diameter, the pump
uence is proportional to the number of QWs and the sheet carrier density: Pfluence ∝ nwN2D.
The above analysis has some important implications for the design of MQW nanowire
lasers. Firstly, increasing nw results in an increase in the pump uence required to obtain
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Figure 4.11: a-b. Modal gain versus pump uence for the TE01 mode in a 420 nm-diameter
and 480 nm-diameter GaAs/AlGaAs MQW nanowire, respectively. The GaAs core is 80
nm in diameter and the GaAs cap is 5 nm thick. The loss for the TE01 mode in a 5 and 10
µm-long nanowire is also shown.
transparency. Secondly, while increasing nw reduces the threshold sheet carrier density, as
shown in Figure 4.10, it may not necessarily reduce the threshold pump uence required for
lasing. This is because the material gain in QWs is a logarithmic function of the carrier density
[22] and so the threshold sheet carrier density does not scale inversely with nw . Consequently,
for a given structure with a certain threshold modal gain (or loss) there exists an optimal nw to
minimise the threshold pump uence. This result is analogous to the threshold characteristics
of planar MQW lasers in terms of the threshold current density [129, 130].
To determine the optimal nw for our design, we have calculated the modal gain as a func-
tion of the pump uence using Equation 4.5. σabs was estimated from FDTD simulations. Fig-
ure 4.11a shows the modal gain (at 300 K) for the TE01 mode in a 420 nm-diameter nanowire
as a function of pump uence. The calculations are for 4 nm-thick QWs and show the modal
gain with nw = 1, 3, 5 and 8. As discussed above, the pump uence required for transparency
increases with increasing nw . The loss for the TE01 mode in a 420 nm-diameter nanowire
with a cavity length of 5 and 10 µm is also shown in Figure 4.11a. The lowest threshold u-
ence occurs for a nanowire with 8 MQWs. This is also the maximum number of uncoupled
QWs that can be placed in a 420 nm-diameter nanowire.
While the design for larger diameter nanowires can possibly accommodate larger number
of QWs, simply increasing the number of QWs may not necessarily reduce the threshold
pump uence. To demonstrate this, we have modelled the modal gain versus pump uence
in a 480 nm-diameter nanowire, as shown in Figure 4.11b. The loss for the TE01 mode in a
480 nm-diameter nanowire with a cavity length of 5 and 10 µm is also shown. The lowest
threshold uence is obtained with 8 MQWs for the 5 µm-long nanowire and with 5 MQWs
for the 10 µm-long nanowire. Thus, for a given structure with a certain loss (determined by
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the nanowire diameter and length), there is an optimal nw to minimise the threshold uence,
which can be determined by using this threshold modal gain/loss modelling approach.
4.2.4 Design summary
We have shown that the TE01 mode, because of its polarisation and prole, is the best mode
for the cavity design. The TE01 mode has the lowest loss in a core-shell-cap nanowire with
passive core and cap. To minimise loss for the TE01 mode in a nanowire with 80 nm-diameter
core and 5 nm-thick cap, the nanowire diameter has to be larger than 400 nm. A longer
nanowire length is favourable for lowering loss and for reducing mode competition with
other low-loss modes that are supported in large diameter nanowires.
The TE01 mode is also the most suitable mode for achieving large modal gain with coaxial
QW gain regions embedded in the nanowire. The TE01 mode has a good overlap with the
coaxial QWs and the electric eld is polarised predominantly in-plane to the QWs (which is
the polarisation required to obtain large material gain in GaAs/AlGaAs QWs). To maximise
the modal gain for the TE01 mode, the QWs have to be ideally placed within the nanowire.
We have investigated the design for nanowire heterostructures with uniformly distributed
coaxial QWs. For a nanowire of xed dimensions (D = 420 nm, L = 5 µm, dc = 80 nm and
tc = 5 nm), the lowest threshold carrier density is obtained with 8 MQWs that are 4 nm thick.
Eight is also the optimal number of QWs to minimise threshold uence for a 420 nm-diameter
nanowire with length less than 10 µm.
In general, loss in nanowire lasers is comparatively larger than that for conventional
planar semiconductor lasers (due to shorter cavity length and lower mirror reection coe-
cients) and so multiple QWs are necessary for obtaining room-temperature lasing. While the
threshold sheet carrier density can be reduced by increasing the number of QWs, there is a
limit to the maximum number of uncoupled QWs that can be accommodated in a nanowire
(with a given diameter), and there is an optimal number of QWs to minimise threshold uence
(in a nanowire with given dimensions). These factors are important design considerations for
MQW nanowire lasers.
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4.3 Growth and characterisation of MQW nanowires
To obtain nanowires according to the design specications, the growth procedure has to be
optimised to achieve excellent control over the placement, composition, structural uniform-
ity and material quality of the MQW gain regions within the nanowire. In addition, the
nanowire dimensions and its morphology (shape of nanowires and its end facets) must be
well controlled, to form a low-loss optical cavity for lasing. In this section, we will discuss
the growth, structural characterisation and optical characterisation of MQW nanowires that
were grown for our experiments. In particular, we will discuss how our growth procedure
was tailored to improve the structural uniformity and optoelectronic quality of the MQW
nanowires.
4.3.1 Growth of GaAs/AlGaAs MQW nanowires
Based on the design, we grew7 GaAs/AlGaAs MQW nanowire heterostructures in a horizontal
ow MOVPE reactor (see Chapter 2 for futher details). TMGa, TMAl, and AsH3 were used for
the source of Ga, Al, and As, respectively. Firstly, untapered vertical GaAs nanowires were
grown on a (111)B GaAs substrate using 80 nm-diameter Au nanoparticle catalysts via a two-
temperature growth process [115]. An epitaxial AlGaAs shell followed by 8 GaAs/AlGaAs
QW/barrier layers and a thin GaAs cap were then grown in situ around the GaAs (core)
nanowires at high temperature (750 °C) [117]. The total group III molar fraction used for the
GaAs core growth was 1.73×10−5 and for the GaAs/AlGaAs multi-shell growth was 1.1×10−5
and 2.2 × 10−5, respectively. The Al concentration was 50% of the total group III in vapour.
The group V molar fraction used for the core and shell growth was 8× 10−4 and 2.27× 10−3,
respectively.
The details of the growth time used for each shell layer in the heterostructure are given in
Table 4.2. Since the shell growth rate has a non-linear dependence on nanowire diameter, the
growth time for each QW/barrier layer had to be carefully varied in order to ensure that the
MQWs were of uniform thickness and that they were positioned correctly in the nanowire,
according to the design. In order to calibrate the shell growth rate as a function of nanowire
diameter, several dierent samples were grown and analysed. Nanowires with dierent core
diameters (using 50, 80 and 100 nm diameter Au nanoparticle catalysts), dierent number of
QWs (nw = 5 and 8) and dierent QW thicknesses (with a growth time of 30 sec and 60 sec for
the rst QW) were grown. Note that the growth temperature and molar ow rate for these
growths were the same. Cross-sectional samples were then prepared using microtomy and
then analysed using TEM8 (see Chapter 2 for further details). The thickness of the various
layers was measured from TEM images and the shell growth time for each layer was then
7Growth was performed by Dr. Nian Jiang.
8Microtomy and TEM imaging was performed by Dr. Xiaoming Yuan and Dr. Yanan Guo.
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Table 4.2: Growth time for each shell layer in the MQW nanowire heterostructure in
chronological order.
Layer Time (min:sec) Layer Time (min:sec)
AlGaAs barrier 0 3:45 GaAs QW1 1:00
AlGaAs barrier 1 3:10 GaAs QW2 1:10
AlGaAs barrier 2 3:31 GaAs QW3 1:22
AlGaAs barrier 3 3:52 GaAs QW4 1:36
AlGaAs barrier 4 4:18 GaAs QW5 1:52
AlGaAs barrier 5 4:51 GaAs QW6 2:10
AlGaAs barrier 6 5:33 GaAs QW7 2:35
AlGaAs barrier 7 6:29 GaAs QW8 3:02
AlGaAs barrier 8 7:47 GaAs cap 3:35
revised accordingly. The growth times presented in Table 4.2 were the adjusted growth times,
using which we obtained nanowires that best met the design specications and from which
lasing was demonstrated at room temperature (as will be shown later in this chapter).
4.3.2 Structural characterisation of nanowires
Nanowires were imaged after growth in a SEM. Figure 4.12a shows a 57° tilted view SEM
image of GaAs/AlGaAs MQW nanowires standing vertically on the growth substrate. The
nanowires have a broad tapered base followed by a slightly tapered segment ~1.5 µm long
and an untapered segment ~3.3 µm long. The top part of the nanowires varies across the
sample. Some nanowires have regular smooth inclined facets with the 80 nm-diameter Au
catalyst nanoparticle on top, while others have non-uniform bulky heads. A close-up image of
a nanowire with a smooth faceted top is shown in Figure 4.12b. This nanowire has a diameter
of 470 nm (measured at the untapered segment). The nanowire diameter, however, varies
across the sample; the average nanowire diameter (measured at the untapered segment) is
500 nm.
While the nanowire diameters are large enough to conne the TE01 mode, their bulky
heads and tapered bases are not ideal for a low loss optical cavity. The overgrowth on top of
the nanowires and tapering at the base is because of the large radial (shell) growth required for
the coaxial MQW heterostructure. Also, because of the epitaxial planar growth on top of the
GaAs substrate, the overall nanowire length is much shorter after the multiple shell growths,
which is not ideal, as shorter nanowires have higher threshold requirements. Despite these
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Figure 4.12: a. SEM images of GaAs/AlGaAs MQW nanowires that were grown using the
procedure described in Section 4.3.1. The image was taken at 57° tilt and shows nanowires
standing vertically on the growth substrate. b. Close-up SEM image of one of the GaAs/Al-
GaAs MQW nanowires, at 45° tilt. The 80 nm-diameter Au nanoparticle on top of the
nanowire is clearly seen.
issues, the nanowires shown in Figure 4.12 had the best morphology of all the nanowire
samples that were grown for this work, and provided suitable F-P optical cavities after being
transferred onto low index substrates.
4.3.2.1 Morphology of transferred nanowires
Although the nanowires grown do not have an ideal shape to form a low loss cavity, we found
that the tapered bases and bulky heads could be removed by sonicating the nanowires for a
long time (~60 sec). Figure 4.13a presents the SEM image of a nanowire that was transferred
onto an ITO-coated glass substrate using sonication. The nanowire is free from the tapered
base and bulky head, which were broken o during the transfer process. Figure 4.13b shows
close up SEM images of the nanowire end facets. The end facets of this nanowire are not
planar (as a result of breaking) because the plane perpendicular to the nanowire axis is not a
natural cleavage plane. Nevertheless, the transferred nanowire is untapered and has suitable
dimensions (diameter of 540 nm and length of 4.75 ± 0.1 µm) for obtaining low loss cavity
according to our design. Note that lasing was characterised from this particular nanowire at
room temperature (see Section 4.4.1). Other nanowires that were transferred using sonication
were also untapered and had similar dimensions (average diameter of 500 nm and average
length of 4.7 µm). However, the yield of nanowires that had broken from both ends was low
(most of the transferred nanowires still had the Au nanoparticle top). We speculate that the
yield could potentially be improved by sonicating nanowires for even longer time.
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Figure 4.13: SEM images of a GaAs/AlGaAs MQW nanowire that was transferred onto
an ITO-coated glass substrate using sonication. The images are at 45° tilt, and show the
side view of the nanowire (a) and close up view of the end facets (b). The scale bar in b
is 400 nm. Note that room temperature lasing was demonstrated from this nanowire (see
Section 4.4.1).
4.3.2.2 Cross-section TEM analysis
To reveal the details of the MQW heterostructure, we performed TEM studies on cross-
sectional samples prepared using ultramicrotomy9 (see Chapter 2 for description of method).
The cross-sectional samples were characterised at an acceleration voltage of 200 kV using
JEOL 2100F equipped with an energy-dispersive X-ray (EDX) detector. Figure 4.14a shows
the HAADF-STEM image of a typical cross-sectional sample, with a schematic illustration
of the cross-section superimposed on the right side. Since the contrast in the STEM ima-
ging mode is proportional to the atomic number (Z), the regions of dierent Z in the cross-
section can be easily identied. In the STEM image shown, the brighter regions correspond
to GaAs and the darker regions correspond to AlxGa1-xAs (x>0). The GaAs/AlGaAs layers
in the cross-section are labelled in the schematic. The GaAs core has a hexagonal shape and
is encapsulated by a thick AlGaAs shell, 8x GaAs/AlGaAs MQWs and a thin GaAs cap. The
diameter of the GaAs core is 80 nm, the rst AlGaAs shell is 44 nm thick and the GaAs cap is
~3 nm thick, as measured along the <110> direction from the STEM image. Note that the rst
AlGaAs shell is thick enough to prevent carriers tunnelling from the MQWs into the GaAs
core. We performed EDX analysis to quantify the Al concentration in the AlxGa1-xAs shells.
The regions near the Al-rich radial bands were not sampled to avoid skewing the estimate.
By benchmarking against the As concentration measured in the GaAs core, we measured an
average Al concentration of 0.42 ± 0.01 in the AlGaAs shells.
The QW and barrier thicknesses were also measured from HAADF-STEM images, using
line scans along <110> direction. Figures 4.14b-e show cross-section images from four other
nanowires. The images are at higher magnication and clearly show the eight GaAs MQWs
and the thin GaAs cap. As observed in all STEM images, the thickness of individual QWs and
barriers is non-uniform; thickness varies from one corner to another in the hexagonal cross-
section and the coaxial QWs exhibit a 3-fold rotational symmetry about the nanowire axis.
9Microtomy and TEM imaging was performed by Dr. Xiaoming Yuan and Dr. Yanan Guo.
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Figure 4.14: a. HAADF-STEM image of a 30 nm-thick cross-section taken from the un-
tapered segment of a nanowire. A schematic illustration of the cross-section is superim-
posed on the right half of the STEM image. The heterostructure contains an 80 nm-GaAs
core, an AlGaAs shell, 8x GaAs/AlGaAs co-axial MQWs and a thin GaAs cap. b-e. HAADF-
STEM images of cross-sections from dierent nanowires. The images are at higher mag-
nication and the scale bar is 50 nm. The QW/barrier thicknesses were measured from
these images. Each layer was measured at three dierent positions A-C, as shown in b.
Adapted from [59].
The non-uniform thickness is due to diering growth rates across dierent crystallographic
directions, which is driven by the polarity of the nanowire facets [131].
In order to quantify the QW/barrier thickness, we measured thickness at dierent loc-
ations, corresponding to the corners (A and C) and middle (B), as indicated in 4.14b, and
calculated the average and standard deviation from these measurements. The average QW
thickness measured from the STEM images of ve dierent nanowires, at positions A-C, is
2.5, 3.5 and 5 nm, respectively. The overall average thickness of each layer is shown in Figure
4.15a. The blue error bars represent the standard deviation of the measurements. As shown
in Figure 4.15a, the mean thickness of each QW is approximately the same (~3.5 nm) and
the thickness variation (length of blue error bars) is similar for each QW. Thus, even though
the thickness variation for each QW (resulting from diering growth rates across dierent
facets) could not be circumvented, by tailoring the growth time for each QW, we were able to
improve the homogeneity between MQWs, which is necessary for realising large modal gain.
Also, note that the dierent nanowire cross-sections shown in Figure 4.14 look quite similar
to each other, indicating that the wire-to-wire variation is small.
In addition to structural uniformity, the separation between MQWs (to avoid coupling)
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Figure 4.15: The average thickness of each layer in the heterostructure, calculated from
ve dierent nanowire cross-sections. The variation in the thickness is shown by the blue
error bars.
and their placement within the nanowire (to achieve large overlap with the TE01 mode) are
also important for obtaining large modal gain. The average barrier thickness calculated from
the cross-section STEM images is shown in Figure 4.15b. Note B1 refers to AlGaAs1 in Table
4.2; the inner most AlGaAs shell (B0) is not shown and has an average thickness of 44.5
nm. As shown in Figure 4.15b, barriers 1-3 are thicker (average thickness ranges between
12-19 nm) than barriers 4-8 (average thickness ranges between 9-10.5 nm). Also, the average
barrier thickness decreases from B0-B8 and the barriers 1-5 have average thicknesses larger
than 10 nm. As mentioned earlier, for planar GaAs/AlGaAs MQWs of similar well thickness
and barrier composition, a barrier thickness larger than 10 nm is required to avoid coupling
[127]. Thus, based on these measurements, we speculate that the inner six QWs (separated
by barriers 1-5) are likely to be uncoupled.
To assess if the placement of the MQWs was adequate to obtain large modal gain, we
modelled the nanowire heterostructure with 8 MQWs using the average thicknesses measured
from the STEM images, and calculated the guided modes supported using Lumerical MODE
Solutions. Figure 4.16 shows the TE01 mode prole in the cross-section of the MQW nanowire
heterostructure. The TE01 mode has a good overlap with the inner six MQWs in the nanowire
and its mode connement factor (calculated using Equation 4.3) is estimated to be 0.25. While
the placement of the 8 MQWs could be further improved to obtain a larger Γ for the TE01
mode, modal gain with Γ = 0.25 is sucient to obtain room temperature lasing (see Table
4.1 and Figure 4.10).
4.3.3 Photoluminescence and lifetime measurements
Both excellent structural uniformity and high optoelectronic quality in nanowires are ne-
cessary for demonstrating lasing. While SEM and cross-sectional TEM were performed for
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Figure 4.16: Simulated TE01 mode prole in the cross-section of the GaAs/AlGaAs MQW
nanowire. The structure was modelled from the cross-section TEM measurements of the
nanowires.
structural characterisation, PL and TRPL experiments were conducted to characterise the
optoelectronic quality of the nanowires grown. In particular, PL measurements provided a
quick method to assess both the structural uniformity and material quality of the MQWs in
the nanowire (since the spectral linewidth and peak intensity depends on both these factors),
as discussed below.
4.3.3.1 Comparison of nanowires from dierent growths
As mentioned previously, several growths were performed in order to calibrate the shell thick-
ness with nanowire diameter. The PL from nanowires sampled from these growths was also
characterised. Figures 4.17a-b show the PL spectra obtained from individual nanowires with
dierent core diameters (using 50, 80 and 100 nm diameter Au nanoparticle catalysts) that
were sampled from two dierent growths: (a) growth time of 30 sec and (b) growth time of 60
sec for the rst GaAs QW (QW1). All nanowires contain 5 MQWs and all measurements were
taken with the same excitation power and spot-size. A large spot-size (~5 µm) was used to
excite carriers uniformly through out the nanowire. This also ensured that the PL spectrum
obtained was not dependent on the excitation position along the nanowire (as the PL spec-
trum from dierent parts of the nanowire would be dierent if there is variation in thickness
along the nanowire).
PL spectra in Figures 4.17a-b are shown on a log scale. The PL intensity from nanowires
grown using 60 sec growth time is stronger than from nanowires grown using 30 sec growth
time (for QW1). This could be because the QWs grown using shorter growth time are too thin
for carriers to be well conned within the QW at room temperature. Note that the PL peak
in both Figures 4.17a-b red-shifts with increasing core diameter, indicating that the QWs are
thicker for nanowires with larger core diameters. In Figure 4.17b, the PL intensity increases
with increasing core diameter (i.e. increasing QW thickness), which is consistent with our
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Figure 4.17: Typical PL spectra from nanowires sampled from dierent growths that used
dierent diameter Au nanoparticle catalysts (50, 80 and 100 nm) and dierent growth
times for the QWs (30 sec or 60 sec growth time for the rst QW). The PL spectra from
nanowires with thicker QWs (60 sec growth time) is shown in (a) and with thinner QWs
(30 sec growth time) is shown in (b). All measurements were taken at the same excitation
intensity of ~1 µJ cm-2pulse-1.
explanation that nanowires with very thin QWs have low PL intensity because of poor carrier
connement. Since the PL intensity is largest for MQW nanowires grown using 60 sec growth
time (for QW1), we tailored our growth procedure based on the 60 sec growth (see Table 4.2).
As discussed earlier, the growth time of each shell layer had to be tailored in order to
improve the homogeneity between MQWs. Figure 4.18a shows the normalised PL spectra
from three dierent nanowires obtained from dierent growths. All nanowires have 80 nm-
diameter cores and were grown using 60 sec growth time (for QW1). The linewidth of the PL
spectra from the dierent nanowires can be used to assess the degree of structural uniform-
ity between MQWs, as large variation in QW thicknesses will result in broader linewidths
[132]. The rst nanowire with 5 MQWs has a relatively broad PL linewidth compared to the
nanowires with 8 MQWs, which suggests that the nanowires with 8 MQWs had lower thick-
ness variation. Note that the third nanowire (NW3) has the narrowest PL linewidth and was
from the sample that was grown using the revised shell growth times (see Table 4.2).
The PL decay measured at the peak of the PL spectrum for each nanowire is shown in
Figure 4.18b. Since low excitation uence was used for these measurements, the PL decay
lifetime (or minority carrier lifetime) is expected to be dominated by the nonradiative recom-
bination lifetime. For the rst nanowire with 5 MQWs, the PL decay is linear and a lifetime of
260 ps is extracted from a monoexponential t to the data. The PL decay for nanowires with 8
MQWs, however, deviates from a strict monoexponential decay. This could be due to photon
recycling (self-absorption and re-emission of photons), which will become more signicant
as the number of QWs increases and as the radiative lifetime reduces [119, 133–137]. The
second nanowire with 8 MQWs has a longer lifetime, which is estimated to be 560 ps from
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Figure 4.18: a. PL spectra from three dierent nanowires obtained from dierent growths.
All three nanowires were grown using 80 nm Au nanoparticles and 60 sec growth time
for the rst QW. NW1 has 5 MQWs, while NW2-3 have 8 MQWs. NW3 was grown with
revised growth time to improve homogeneity between MQWs. b. PL decay for NW1-3
measured at the peak of the PL spectrum, at 790 nm, 800 nm and 815 nm, respectively.
a linear t to the data. Note that the decay deviates slightly from being strictly monoexpo-
nential in comparison to the rst nanowire with 5 MQWs. The third nanowire, also with 8
MQWs and for which the shell growth time was revised to improve homogeneity (see Table
4.2), exhibits a clear nonlinear decay. The lifetime of the initial decay is estimated to be 900
ps, based on a linear t. We believe that the nonlinear decay for the third nanowire is due to
strong photon recycling (self-absorption and re-emission of photons), as a result of improved
homogeneity between MQWs.
4.3.3.2 PL and lifetime ts
The QW thickness and variation in thickness can be characterised by modelling the PL spec-
trum analytically, as described in Reference [132]. We used this approach to t the PL spec-
trum of a MQW nanowire (with 8 MQWs) from which lasing was observed (see Figure 4.20).
The room-temperature PL spectrum from this nanowire obtained at very low pump uence
(~0.01 µJ cm-2pulse-1) is shown in Figure 4.19a. The PL spectrum linewidth depends on both
thermal eects and variations in the QW thicknesses. To model the PL spectrum, we used
the analytical expressions provided in Reference [132] and assumed that the 8 coaxial MQWs
were identical (i.e. the emission energy EQW and the disorder parameter σ, which relate
to the average thickness and thickness variation, respectively, are the same for each QW).
The analytically derived spectrum, with ground state transition energy of 1.524 eV (vertical
dashed line), disorder parameter of 25 meV and electron temperature of 400 K, is presented
in Figure 4.19a. As shown, the analytical spectrum has a very good t to the experimental
data using these parameter values. The ground state energy of 1.524 eV is consistent with a
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Figure 4.19: a. Room temperature PL spectrum obtained from a GaAs/AlGaAs MQW
nanowire at very low pump uence and an analytical t (red line). Note that lasing was
characterised from this nanowire at higher pump uence (see Figure 4.20). b. PL decay
measured at the peak of the PL spectrum in a. A two-parameter function is used to t
the data. The fast decay has a lifetime of 500 ps and the slow decay has a lifetime of 5 ns,
based on the t (red line).
QW thickness of ~5 nm. For a 5 nm-wide planar GaAs/Al0.42Ga0.58As QW, the ground state
energy is 1.536 eV. The disorder parameter of 25 meV is consistent with the disorder para-
meter characterised for nanowires containing a single QW, which were grown under similar
growth conditions [132]. This suggests that the broad PL linewidth from this nanowire is
largely due to thickness variation of individual QWs and that the MQWs in this nanowire
have a high degree of homogeneity.
The PL decay measured at the peak of the PL spectrum for the same nanowire (at room
temperature and at low excitation) is shown in Figure 4.19b. As discussed, the PL decay is
nonlinear, which we believe is because of strong photon recycling. To estimate the lifetime
of the decay we tried to t the TRPL data using the following equation [137]:
N (t) = Nie
−t/τ
1 + K
[
1 − e−t/τ ] (4.6)
where N (t) is the time-dependent carrier density, Ni is the initial photo-excited carrier dens-
ity (at t = 0), τ is the minority carrier lifetime and K is a constant: K = BNiτ, where B is
the bimolecular (or radiative) recombination coecient. Note that Equation 4.6 is the general
solution to the rate equation for band-to-band recombination [119, 137] and that the decay is
strictly monoexponential if K = 0 (i.e. if the initial carrier density is very small, which is the
case under very low excitation uence). If the initial carrier density is large or if bimolecular
recombination is dominant, then K , 0 and the decay is nonlinear. We attempted to t the
PL decay shown in Figure 4.19b using Equation 4.6, however, a good t was not obtained.
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This could be because Equation 4.6 does not incorporate photon recycling. To model photon
recycling in the MQW nanowire heterostructure and thus explain the shape of the PL decay
could be a task for further studies. Here we have used a two-parameter version of Equation
4.6, with two dierent lifetimes τ1 and τ2, to t the PL decay. As shown in Figure 4.19b, a
very good t is obtained with the experimental data using the two-parameter t, with a fast
decay lifetime of 500 ps and slow decay lifetime of 5 ns. Since the decay at long times is likely
to be dominated by nonradiative interface recombination [137], we took the lifetime of 5 ns
as an estimate for the nonradiative recombination lifetime of the nanowire laser (see Section
4.4.3).
Lastly, we note that the QE could not be estimated for this nanowire using the extracted
lifetimes, as the radiative lifetime was dicult to estimate because of photon recycling. Al-
though the QE can also be estimated by tting the variation of PL intensity with excitation
power [138], we could not use this method because the rate equations used for the t do not
account for photon recycling (or self-absorption).
4.4 Laser characterisation
4.4.1 Room temperature lasing
The GaAs/AlGaAs MQW nanowires that were grown using the growth procedure described
in Section 4.3.1 were selected for room-temperature optical pumping experiments. Nanowires
were transferred onto ITO-coated substrates using sonication and individual nanowires were
optically pumped using a large spot-size (~5 µm in diameter). The room-temperature lasing
characteristics from two dierent nanowires are presented in Figure 4.20 and Figure 4.21, re-
spectively. The typical signatures of lasing, such as narrowing of spectra, interference fringes
in the optical image of the nanowire laser, ’S’ like curve in the L-L data graphed on log scale
and gain clamping at threshold are discussed below.
Narrowing of spectra Figures 4.20a-b show the normalised emission spectra at three
dierent pump uence (corresponding to below threshold, near threshold and above threshold)
and the normalised spectral map at various pump uence, respectively. Below a pump u-
ence of 20 µJ cm-2pulse-1, the emission spectrum has a broad single peak (FWHM = 50 nm)
centred at 800 nm, corresponding to the ground state emission from the MQWs. The broad
linewidth is mainly due to variation in the QW thicknesses across the nanowire facets, as
explained in the previous section. A very small shoulder peak at 870 nm is also observed,
which corresponds to the emission from the GaAs core. At a pump uence between 20-110
µJ cm-2pulse-1, several low-amplitude peaks appear in the broad PL spectrum, which become
more pronounced with increasing pump uence, and thus correspond to amplied cavity
modes in the nanowire. At a pump uence of ~110 µJ cm-2pulse-1, the peaks at 791 and 819
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Figure 4.20: a. Spectra at three dierent pump intensities, corresponding to below
threshold (green), near threshold (orange) and above threshold (purple). b. The norm-
alised spectral map as a function of the optical pump uence. A sudden narrowing of
spectral emission is observed at threshold uence of 110 µJ cm-2pulse-1. c. Optical micro-
scope image of the nanowire laser above threshold (with the pump laser ltered out). The
outline of the nanowire is indicated by the dashed lines. d. Non-linear response of laser
output intensity versus pump uence on log-log scale, and on a linear scale (inset). The
‘S’ like curve characteristic of lasing is clearly observed. The grey region highlights the
region of amplied spontaneous emission. The dots represent the experimental data and
the line is t to the experimental data using multimode rate equations with gth = 5200
cm-1 and β = 0.03 (see Section 4.4.3). Adapted from [59].
nm rapidly increase in intensity above the background emission level. The linewidth of these
lasing peaks measured at pump uence of 154 µJ cm-2pulse-1 is 1 nm. At higher pump uence,
several narrow lasing peaks appear in the spectra and the intensity of the dominant lasing
peaks is orders of magnitude larger than the background spontaneous emission.
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Figure 4.21: The lasing spectra near threshold from a dierent nanowire demonstrating
gain clamping. Note that the intensity is shown on a log scale. The threshold is also at
~110 µJ cm-2pulse-1.
Interference fringes Figure 4.20c shows the optical image of the nanowire taken above
threshold, with the pump laser ltered out. The image shows intense emission from the
nanowire ends and a distinct interference pattern, which conrms that the nanowire behaves
as a F-P cavity and that lasing is from guided modes supported along the nanowire axis.
Threshold behaviour The integrated spectral emission10 from the nanowire as a func-
tion of pump uence (L-L curve) is shown in Figure 4.20d. The ‘S’ shaped non-linear response
of the laser on the log-log scale and the ‘knee’ like behaviour on the linear scale (inset of Fig-
ure 4.20d) are clearly observed. The region highlighted in grey is the threshold region. The
threshold uence is estimated to be ~110 µJ cm-2pulse-1 based on the ’knee’ in the L-L curve.
The red lines are ts to the data using rate equations, which will be discussed in Section 4.4.3.
Gain clamping Although the lasing characteristics from a particular nanowire have
been discussed so far, lasing was observed from several other nanowires as well in our exper-
iments. Figure 4.21 shows the emission spectra at three dierent pump uence (just below
threshold, at threshold and just above threshold) from a dierent nanowire that was charac-
terised in our experiments. The intensity is shown on a log scale, in order to clearly see the
shape and level of the background spontaneous emission spectrum. As shown in Figure 4.21,
the transition to lasing is marked by clamping of the background spontaneous emission and
dramatic increase in intensity of the lasing mode(s). The threshold uence for this nanowire
laser is coincidentally also ~110 µJ cm-2pulse-1.
10The emission spectra was integrated over the wavelength range 783-823 nm, which includes the dominant
lasing peaks. This made it easier to formulate the multimode rate equations (see Section 4.4.3) and obtain a good
t to the data.
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Figure 4.22: a. Lasing spectra of the nanowire laser (presented in Figure 4.20) obtained
using a ne resolution grating (1200 lines/mm). Note that the intensity is shown on a
log scale. b. The group index of the guided modes supported in the MQW nanowire
heterostructure (modelled in Figure 4.16) as a function of wavelength.
4.4.2 Mode characterisation
The multiple peaks in the lasing spectra correspond to dierent axial and transverse modes
in the nanowire. In order to identify the lasing modes in nanowire lasers, various techniques
can be used. One such experimental technique will be discussed thoroughly in Chapter 5.
Here we will use two alternative techniques, which are based on estimating the group index
and measuring the polarisation of the lasing mode(s).
4.4.2.1 Group index
The group index (ng) of a particular transverse mode in a F-P type cavity can be estimated
from the spacing of the multiple peaks in the spectra, using: ∆λ = λ22ngL , where λ is the
wavelength of lasing peak, ∆λ is the spacing between peaks and L is the cavity length. We
will use this equation to estimate the group index of the lasing mode(s) for the nanowire laser
whose lasing characteristics were presented in Figure 4.20. Note that for this nanowire laser,
L = 4.75 µm (see Figure 4.13). Figure 4.22a presents the lasing spectra from the nanowire laser
obtained using a ne resolution grating (1200 lines/mm). Note that the emission intensity is
graphed on a log scale. The dominant lasing peaks in Figure 4.22a are regularly spaced (∆λ
~14 nm) and correspond to a single-transverse-mode with ng of 4.7 in the nanowire. The
subsidiary peaks at shorter wavelengths are spaced closer together and correspond to modes
with larger ng.
To calculate the group index of the guided modes supported in the nanowire laser we
used Lumerical MODE Solutions. The nanowire heterostructure was modelled based on
cross-section STEM images (as in Figure 4.16) and guided modes were calculated for vari-
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Figure 4.23: Total emission intensity from the nanowire, below and above threshold, as
a function of polarisation angle. The nanowire is orientated horizontally in the image, so
that angle of 0 or 180° corresponds to polarisation parallel to the axis of the nanowire.
ous wavelengths. The group index of the modes was evaluated from the slope of the eective
index as a function of frequency: ng = c dkzdω = ω
dneff
dω , where ω is the radial frequency.
Figure 4.22b shows the group index of the various guided modes supported in the nanowire
as a function of wavelength. The TE01 mode has a group index of 4.7, which matches the
group index estimated from the spacing of the dominant lasing peaks in Figure 4.22a. Since
the TE01 mode also has the lowest loss for this diameter nanowire, we attribute the dominant
lasing peaks to be from the TE01 mode. The subsidiary lasing peaks at shorter wavelengths
could possibly be from HE31b mode which has larger group index and also has low loss for
this diameter nanowire.
4.4.2.2 Polarisation measurements
Polarisation measurements were also used for characterising the dominant lasing mode of
the nanowire laser. For polarisation measurements, the sample was mounted on a rotating
stage and the nanowire was orientated 45° with respect to the plane of polarisation of the
pump laser (which was linearly polarised). This was necessary since absorption in nanowires
depends on the polarisation of the incident light [139] and light absorption in QWs is also
polarisation dependent [23]. Thus, by using a 45° oset, the nanowire was uniformly excited
with equal electric eld components parallel and perpendicular to the nanowire axis. To
analyse the polarisation of emission, a linear polariser was inserted before the entrance slit
of the spectrometer, and spectral measurements were obtained at various polarisation angles
with respect to the orientation of the nanowire axis.
The polarisation dependent emission spectra from the nanowire laser was obtained both
below and above threshold, at a pump uence of 16 and 205 µJ cm2pulse-1, respectively. The
integrated spectral emission as a function of polarisation angle, below and above threshold,
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Figure 4.24: Polarisation dependence of the various guided modes determined from 3D-
FDTD simulations. Modes that are polarised perpendicular or parallel to the nanowire
axis are shown in a and b, respectively.
is presented in Figure 4.23. Note that the nanowire is orientated horizontally in this polar
plot and that for the data obtained above threshold only the intensity of the dominant lasing
peaks (see Figure 4.22a) was integrated.
As shown in Figure 4.23, the polarisation of emission below threshold and above threshold
is quite dierent. Above threshold, the emission is polarised perpendicular to the nanowire
and has a polarisation ratio, ρ =
(
I‖ − I⊥
) /(I‖ + I⊥) , of -0.4. Below threshold, however,
the emission has a very low |ρ|. This could be due to multiple reasons. Firstly, the nanowire
laser has a large diameter and large diameter nanowires exhibit lower polarisation anisotropy
[140]. Secondly, the emission from the coaxial GaAs/AlGaAs MQWs could be coupled to
several dierent modes in the large diameter nanowire and the net emission may not have a
dominant linear polarisation. Nevertheless, the distinct change in the polarisation of emission
from below to above threshold indicates the strong amplication of a particular transverse
mode in the cavity that is polarised perpendicular to the nanowire axis.
To determine the polarisation of the various guided modes supported in the nanowire
and thus identify the lasing mode, we performed 3D-FDTD simulations. In these simulations,
the nanowire was modelled using the dimensions measured from SEM images (see Figure
4.13) and guided modes were injected along the nanowire axis towards both end facets. A
eld monitor was placed just above the nanowire to record the electromagnetic elds in the
near-eld, and then the far-eld proles were determined from the near-eld data11. For each
mode, the polarisation of the electric eld in the far-eld was resolved at various angles with
respect to the nanowire axis and the far-elds were integrated over a solid angle of 64.15°
(since the objective lens used in experiments had a NA of 0.9). The results from this numer-
11We will explain the simulation of far-eld proles and polarisation analysis of the far-elds in detail in
Chapter 5.
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ical analysis are comparable with our experiments, in which we analysed the polarisation of
emission in the far-eld (in the parallel beam path in the optical system) and integrated the
spectral emission, as described above.
The polarisation characteristics of the guided modes supported in the nanowire laser are
presented in Figure 4.24. Modes that are polarised perpendicular or parallel to the nanowire
axis are shown in Figures 4.24a-b, respectively. Although there are several modes that are
polarised perpendicular to the nanowire, only the TE01 and HE31b modes have low loss in
the nanowire laser (based on its dimensions), and so are the only modes likely to lase. How-
ever, the HE31b mode has a polarisation ratio of -0.19, which is smaller in magnitude than
the polarisation ratio of the dominant lasing mode determined from experiments. Thus, we
attribute the dominant lasing mode to be the TE01 mode, which is also consistent with the
group index calculations discussed previously. We note that |ρ| for the TE01 mode is much
larger than the |ρ| of 0.4 determined from experiments. This could be due to the imperfect
end facets of the nanowire laser (see Figure 4.13) which were not modelled in the simulation
(for simulations we assumed perfect planar end facets).
4.4.3 Rate equation analysis
Rate equations discussed in the previous chapter were for a single lasing mode. Since the
MQW nanowire lasers lase from multiple longitudinal modes, we have to use multimode rate
equations to t the experimental L-L curve. The multimode version of the rate equations
are similar to Equations 3.12–3.13, except that there are separate equations for the photon
density in each cavity mode (Sb) and terms such as vg, Γ, gth and β are dierent for each
mode [141]. Similarly, since there are multiple QW gain regions in our laser, we could write
separate rate equations for the carrier density in each QW as well. However, to simplify the
modelling, we will assume that the MQWs have identical thicknesses, are uncoupled, and
are uniformly pumped. Under these assumptions, the carrier density and gain in each QW
is uniform and it is sucient to have a single equation for N – the carrier density in the
active region. To simplify the rate equations even further, we will assume that the multiple
lasing modes have the same vg, Γ, gth and β. This is a reasonable assumption since we have
shown that the dominant lasing peaks are dierent axial orders of the TE01 mode. With
these assumptions, the photon density in each cavity mode is also uniform and the general
multimode rate equations simplify to just two equations:
dN
dt
=
ηpP (t)
~ωVa
− N
τnr
− N
τr
− CN3 − bvggS (4.7)
dS
dt
= Γvg (g − gth) S + ΓβN
τr
(4.8)
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where b is the number of lasing modes and all other parameters have been previously dened
(see Equations 3.12–3.13). We solved these rate equations to t the experimental L-L curve and
estimate the threshold gain gth and spontaneous emission factor β for the MQW nanowire
laser. The parameter values used for modelling the L-L curve are briey discussed below and
the values used for the t are provided in Table 4.3.
Generation rate The main terms in the generation rate are P (t), ηp and Va. P (t) is a
time-dependent function that depends on the time-averaged power Pave and the pulse shape.
Pave was measured from experiments and the pulse shape was modelled in the same way
as explained in the previous chapter (since the same femtosecond pulsed laser was used for
pumping). The pumping eciency ηp was estimated from FDTD simulations. The MQW
nanowire heterostructure was modelled using the dimensions measured from SEM and cross-
section STEM images. The incident beam was modelled with a Gaussian beam prole, with a
beam waist corresponding to the spot-size measured from experiments (~5 µm). To estimate
the carrier density generated in the active region due to optical pumping, we assumed that
all carriers absorbed in the barriers were captured into the MQWs. The nanowire volume V
and the active region volume Va were estimated using the measured dimensions from SEM
and STEM images.
Recombination rate coecients The non-radiative lifetime was estimated from the
lifetime extracted from TRPL measurements (see Figure 4.19b) and was assumed to be a con-
stant. The radiative lifetime depends on the carrier density [135] and was modelled using
Simulase [126]. The radiative lifetime decreases with increasing N and was found to saturate
at very large N (as also shown in Ref [135]). The Auger recombination coecient of bulk
GaAs [113] was used as an estimate for the GaAs MQWs.
Material gain The material gain spectrum of a single planar GaAs/Al0.42Ga0.58As QW
was calculated as a function of N using Simulase [126]. The material gain was calculated for
a 4 nm-thick QW at a temperature of 350 K (a higher temperature than 300 K was used to
account for the expected heating resulting from optical pumping). The peak gain at λ = 800
nm was then determined from the material gain spectrum and was tted using the following
analytical function:
g (N) = g0
1 + N
ln
(
N + Ns
Ntr + Ns
)
(4.9)
This gain model accounts for gain saturation [22, 23], which occurs at high carrier densities,
as shown in Figure 4.10a. The parameters g0, Ns, Ntr and  were determined from curve
tting: g0 = 3800 cm-1, Ns = 3.26 × 1018 cm-3, Ntr = 6.5 × 1018 cm-3,  = 1.81 × 10−21 cm3.
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Table 4.3: Denition of parameters used in rate equations and values used for the tting
the L-L data of GaAs/AlGaAs MQW nanowire laser.
Parameter Denition Value
ηp
fraction of optical pump power
absorbed by active region 10%
~ω pump laser photon energy 2.375 eV
Va
volume of the MQW active
region
~20% of nanowire volume V ,
V = 7.5 × 10−13 cm3
τnr
non-radiative lifetime
(dominated by surface/interface
recombination)
5 ns
τr
radiative lifetime (dependent
on carrier density) 2 ns (for N ≥ 2 × 10
19 cm-3)
C
Auger recombination
coecient 7 × 10
−30 cm6s-1
b number of lasing modes 3
vg
group velocity of the lasing
mode
c/ng where ng = 4.7
Γ mode connement factor 0.25
gth threshold gain 5200 cm-1
β spontaneous emission factor 0.03
Mode parameters The group index and mode connement factor of the TE01 mode
were estimated from simulations, as described previously (see Figure 4.16 and Figure 4.22b).
Rate equation ts The L-L curve modelled by solving the rate equations with the para-
meter values given in Table 4.3 is presented in Figure 4.20d. As shown, a very good t is
obtained with the experimental data. Thus, gth = 5200 cm-1 and β = 0.03 for the nanowire
laser. While β is similar to other nanowire lasers of similar dimensions, gth is larger in com-
parison to bulk nanowire lasers as result of the much lower Γ. Assuming Γ of 0.25 for the
TE01 mode in the MQW nanowire, the threshold modal gain (Γgth), or net loss, is estimated
to be 1300 cm-1. The loss is slightly larger than the estimated loss of 1000 cm-1 in this dia-
meter nanowire, mainly because of its imperfect end facets. We note that the threshold modal
gain correlates well with the Q factor estimated for the nanowire laser based on linewidth
measurements (see Equations 1.4–1.5). The linewidth was estimated by tting the ASE peaks
to a Lorentzian function. At threshold, the peak at 791 nm has a FWHM of ~2.5 nm. The Q
factor of the cavity, estimated from the linewidth at threshold, is ~300, which corresponds to
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Figure 4.25: Modal gain versus carrier density (a) and pump uence (b) modelled for
GaAs/AlGaAs MQW (solid blue line) and bulk GaAs (red line) nanowire lasers. The loss
of the two lasers is the same and is shown by the horizontal black line. The modal gain
for GaAs/AlGaAs MQW nanowire with a larger Γ is shown by the dashed blue line.
a threshold modal gain of ~1300 cm-1 (assuming ng = 4.7). These results are self-consistent
and verify that gth = 5200 cm-1 for the MQW nanowire laser.
4.4.4 Comparison with bulk GaAs nanowire lasers
The threshold carrier density in the active region Nth is an important gure of merit for a
laser. Using the estimate for gth and the gain function in Equation 4.9, Nth for the MQW
nanowire laser is estimated to be 3.5 × 1019 cm-3, which corresponds to a threshold sheet
carrier density of 17.5 × 1012 cm-2 (assuming a QW thickness of 5 nm). Note that Nth for
the MQW nanowire laser is slightly larger (about 1.4× larger) than the Nth for the room-
temperature GaAs nanowire laser discussed in Chapter 3.
The threshold uence Pth is also an important parameter for optically pumped lasers. Pth
of the MQW nanowire laser is 110 µJ cm-2pulse-1, which is 2× lower than Pth of the room-
temperature GaAs nanowire laser discussed in Chapter 3. Note that both nanowire lasers
were characterised in the same optical system. To understand why Nth is larger but Pth is
lower for the MQW laser compared to the GaAs nanowire laser, we compared the parameters
(such as nanowire dimensions, gain volume Va and absorption cross-section σabs) for both
these devices (see Equation 4.5 for the relationship between carrier density and pump uence).
Although the dimensions of both these nanowire lasers are similar, Va of the MQW nanowire
laser is 2× smaller and σabs is 1.4× larger than that for the bulk GaAs nanowire laser. The
smaller Va of the MQW nanowire laser is the main reason for its smaller Pth.
To further understand why Nth is dierent between the two devices, we compared the
modal gain/loss for both the devices. Modal gain in the GaAs/AlGaAs MQW nanowire was
modelled using the material gain (at 350 K) and Γ used in the rate equations, and is shown
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in Figure 4.25a as a function of carrier density. The modal loss of 1300 cm-1 estimated from
the threshold gain (Γ = 0.25, gth = 5200 cm-1) is also shown. The intersection of the modal
gain and loss curves (blue and black solid lines) gives Nth = 3.5 × 1019 cm-3 estimated for
the MQW nanowire laser. Likewise, the threshold uence Pth can be determined from the
modal gain/loss curves plotted as a function of pump uence (using Equation 4.5), as shown
in Figure 4.25b. In Figures 4.25a-b we also present the modal gain/loss for the bulk GaAs
nanowire laser (see Section 3.4.4 for the parameters used for modelling). Coincidentally, the
modal loss for this nanowire laser is also estimated to be 1300 cm-1. As shown, Nth and Pth
for the bulk GaAs nanowire laser are 2.5 × 1019 cm-3 and 207 µJ cm-2pulse-1, respectively.
To improve the performance of the MQW laser, the threshold carrier density must be
reduced further, which can be achieved by reducing loss and by improving modal gain. The
end facets of the MQW nanowire laser are rough and so loss could be reduced, for example,
by making the end facets atter post-growth. Γ for the MQW nanowire laser is estimated to
be 0.25, and as was shown earlier, only the rst six MQWs have a good overlap with the TE01
mode. Thus, Γ could be improved by better placement of the MQWs within the nanowire.
In Figures 4.25a-b we show the modal gain for a GaAs MQW nanowire with Γ = 0.35 (blue
dashed line). As shown, increasing Γ for the MQW laser is predicted to substantially reduce
both Nth and Pth. In particular, Nth is predicted to be smaller than the Nth for the bulk GaAs
nanowire laser. Note that despite the potential improvements that could be made, the MQW
nanowire lasers demonstrated in this chapter have lower threshold uence/carrier density
than previously reported III-V semiconductor nanowire lasers with quantum conned active
regions [57, 58].
4.5 Summary
In this chapter, we presented the design and demonstration of nanowire lasers with coaxial
GaAs/AlGaAs MQWs. The TE01 mode, due to its intensity prole and polarisation, was
shown to be the ideal mode for obtaining the lowest threshold gain in these nanowire het-
erostructures and was thus chosen for the cavity design. Through gain/loss calculations, we
determined the nanowire dimensions required to minimise loss for the TE01 mode and de-
termined the optimal thickness, placement and number of QWs for minimising the threshold
sheet carrier density. In particular, we showed that for a given structure, there is an optimal
number of QWs to reduce the threshold pump uence and an optimal QW thickness to min-
imise the threshold carrier density.
Based on our design, we grew nanowires of a suitable diameter containing eight uniform
coaxial GaAs/AlGaAs MQWs. The growth procedure was tailored to achieve excellent con-
trol on the placement, composition, structural uniformity and material quality of the QW
gain region within the nanowire. Room-temperature lasing was characterised from indi-
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vidual nanowires, and lasing was veried to be from the TE01 mode from polarisation meas-
urements. It was shown that these nanowire lasers had a factor of 2 lower threshold uence
than the bulk GaAs nanowire lasers discussed in the previous chapter and that there was
potential to improve the performance of the MQW nanowire lasers further, to achieve even
lower thresholds.
Our demonstration of low-threshold room-temperature MQW nanowire lasers is an im-
portant milestone in the development of nanowire lasers. We note that demonstrating room-
temperature lasing in semiconductor nanowires with quantum conned active regions is
much more challenging than with bulk semiconductor gain materials, which is why such few
MQW nanowire laser demonstrations have been reported to date [56, 58, 59]. We envisage
that the systematic approach to the design presented in the chapter will be adapted to real-
ise low-threshold room-temperature MQW nanowire lasers in other material systems, and in
other cavity congurations, such as vertically orientated nanowires on Si/SiO2 substrates.
Chapter 5
Mode characterisation of nanowire
lasers
5.1 Introduction
In the previous two chapters, we presented the design and demonstration of III-V semicon-
ductor nanowire lasers with bulk and quantum well active regions. The lasing mode in
these nanowire lasers was also characterised using various approaches, such as threshold
gain modelling, group index estimate and polarisation measurements. In this chapter, we
present a mode characterisation technique based on imaging the far-eld emission pattern
of nanowire lasers. Imaging the intensity prole of a laser beam is often used for identifying
the transverse lasing mode in conventional lasers [28]. However, emission from nanowire
lasers, and in general all nanoscale lasers, is not collimated due to their small dimensions
and fully vectorial nature of the cavity modes [4], and so presents challenges for mode pro-
ling. In addition, for nanowire lasers lying on a substrate, the substrate imposes diculties
for both theoretical analysis and experimental characterisation of the far-eld emission. To
avoid these complications, previous studies prior to this work had investigated the far-eld
emission of nanowire lasers in idealised geometries, such as free-standing in air [72] or sus-
pended in air from the substrate edge [6, 33, 76]. In this chapter, we will model the far-eld
emission pattern of nanowire lasers that are lying horizontally on a substrate, and verify the
modelling via experiments. In particular, we will experimentally characterise the far-eld
emission pattern of nanowire lasers that are designed to lase from dierent transverse (or
guided) modes. As will be shown in this chapter, the dierent guided modes have unique
polarisation resolved far-eld proles, which can be used for unambiguously identifying the
lasing mode(s) in nanowire lasers.
For this study, we will use InP nanowire lasers. Like GaAs, InP is also a near infrared dir-
ect band gap III-V semiconductor, that is widely used for optoelectronic devices. The biggest
advantage of InP, however, is its low surface recombination velocity – vs as low as 170 cm
s-1 have been measured in InP nanowires [120]. As a result, bare InP nanowires have high
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QE and surface passivation is not necessary to obtain room temperature lasing [53]. The InP
nanowires that we use for this study have excellent crystalline quality and structural charac-
teristics, such as uniform diameter and at end facets, which make them ideal as nanowire
lasers. Moreover, because these nanowires are structurally quite uniform, the experiment-
ally obtained far-eld emission patterns from these nanowire lasers can be well matched
with simulations. In this chapter, we will rst discuss the design and demonstration of InP
nanowire lasers, and then discuss the modelling and experimental characterisation of the
far-eld emission patterns.
5.2 Design and demonstration of InP nanowire lasers
Here we will present the design and experimental demonstration of InP nanowire lasers.
The nanowire lasers will be designed to lase from dierent guided modes and lasing will
be characterised from three dierent diameter InP nanowires that are grown according to
the design specications. As will be shown in this section, the nanowire diameter is a key
parameter that determines the lasing mode(s) in nanowire lasers with homogeneous bulk
active regions. The diameter is also a key parameter for determining the β factor of nanowire
lasers.
5.2.1 Design specications for InP nanowire lasers
The design of InP nanowire lasers is relatively straightforward, as the entire nanowire serves
both as the gain medium and cavity for lasing. As explained in Chapter 3, the threshold gain
for a nanowire laser with a homogeneous bulk gain medium (without any passive regions)
can be modelled using Γgth ∼ 1L ln 1R (Equation 3.1). We will use this equation to model the
threshold gain for an InP nanowire lying on a SiO2 substrate. The nanowire is modelled as a
hexagonal prism with perfectly planar end facets at both ends, which is a good representation
of the morphology of the InP nanowires used for our experiments (see Figure 5.2).
Similar to the modelling described in Chapter 3, to calculate gth we rst determined Γ
and R for the dierent guided modes supported in the nanowire using MODE and FDTD
simulations, respectively. The refractive index for InP and SiO2 was taken to be 3.4 and 1.5,
respectively, and modes were simulated at a xed wavelength of 880 nm, which corresponds
to the band-edge emission from the InP nanowires at room temperature1. Γ and R were also
determined for dierent nanowire diameters in order to model gth as a function of diameter.
Figure 5.1 shows gth as a function of diameter, for an InP nanowire with L = 5 µm.
Note that diameter refers to the widest length of the hexagonal cross-section, as indicated in
the inset. As shown in Figure 5.1, the mode with the lowest gth depends on the nanowire
1The InP nanowires used for this study had a pure wurtzite phase and the PL emission peak at room temper-
ature was observed to be at 880 nm [53].
§5.2 Design and demonstration of InP nanowire lasers 113
Figure 5.1: Threshold gain for an InP nanowire laser modelled as a function of the
nanowire diameter. The nanowire has a hexagonal cross-section and is lying horizont-
ally on a SiO2 substrate, as shown in the inset. The threshold gain for the various guided
modes supported in the nanowire was calculated using Γgth ∼ 1L ln 1R , where Γ and R
were determined from numerical simulations and L = 5 µm. The region shaded in grey
denes the values for which the dierence in losses between the lowest gth modes is less
than 1√
p
, where p is the number of cavity modes that can be coupled to within the emission
spectrum. Modes with threshold gain values in this region are likely to lase. Reproduced
from [74].
diameter. For example, the HE11b mode has the lowest gth in the diameter range 220-270
nm, whereas TE01 and TM01 modes have the lowest gth in the diameter range 270-450 nm
and 450-500 nm, respectively. The optimal nanowire diameter to minimise gth for the HE11b,
TE01 and TM01 modes is 270 nm, 380 nm and 500 nm, respectively. Thus, the lasing mode in
InP nanowire lasers depends critically on the nanowire diameter (unlike the MQW nanowire
lasers presented in the previous chapter), and the diameter can be appropriately chosen to
obtain lasing from dierent guided modes, namely HE11b, TE01 and TM01 modes.
5.2.1.1 Estimating number of cavity modes
While the mode with the lowest gth is the mode that is most likely to lase, other modes can
potentially lase if their gth is close to the minimum gth value. In an ideal laser, under steady-
state conditions, the mode with lowest gth will be the only preferred lasing mode, provided
that the dierence in loss between this mode and other modes is much larger than 1√
p
, where
p is the number of cavity modes that can be coupled to within the emission linewidth [28].
We will use this condition to compare the losses for the lowest gth modes identied in Figure
5.1.
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To estimate p in a nanowire with a particular diameter and length, we rst determined
the group index ng for each guided mode supported in the nanowire. Then, we estimated the
number of axial modes within the emission linewidth (∆λemission) by ∆λemission/∆λ, where
∆λ is the spacing between axial modes in the F-P cavity (given by ∆λ = λ22ngL ). For our
calculations, we used ∆λemission = 150 nm and L = 5 µm, and ng was estimated at xed
wavelength of 880 nm. p was then estimated by adding ∆λemission/∆λ calculated for each
guided mode supported in the nanowire. For nanowires with diameters in the range 200-
500 nm and L = 5 µm, p was estimated to be of the order 10-100. We note that p has a
linear dependence on L and quadratic dependence on frequency, and so p will be larger for
longer nanowires and at shorter emission wavelengths (for example when operating at low
temperature).
We used the estimated values of p to dene the shaded grey region in Figure 5.1. Since
gth has units of per unit length, we divide the dimensionless number 1√p by the cavity length
L. The shaded region is thus the region bounded by the minimum threshold gain (min gth)
and
(
1 + L−1/√p) · min gth. Modes with gth values within this region are likely to lase. As
shown in Figure 5.1, small diameter nanowires (with diameters less than 270 nm) are likely
to lase from both HE11a,b modes and large diameter nanowires (with diameters larger than
360 nm) are likely to lase from multiple higher-order transverse modes. Therefore, to obtain
single transverse mode lasing in both small and large diameter nanowires, L has to be longer
than 5 µm.
5.2.1.2 Design summary
In summary, InP nanowire lasers with diameters in the ranges 220-270 nm, 270-450 nm and
450-500 nm, are likely to lase from HE11b, TE01 and TM01 modes, respectively. In particu-
lar, nanowire lasers with diameters in the range 280-360 nm will lase from a single trans-
verse mode (TE01 mode), as a result of the large dierence in losses between TE01 and
HE11a,b modes. Nanowire lasers with diameters outside this range may lase from other low-
loss guided modes, depending on their lengths and the pump intensity (or uence) above
threshold. To ensure lasing occurs from only a single transverse mode for these diameter
ranges, nanowires with lengths longer than 5 µm are required. Longer lengths are also re-
quired for nanowire lasers with smaller diameters, in order to reduce their gth.
5.2.2 Growth and structural characterisation of InP nanowires
According to the design, dierent diameter nanowires are required to obtain lasing from
dierent guided modes. For this study, we obtained InP nanowires with three dierent dia-
meters. The InP nanowires were grown2 using SA-MOVPE on patterned InP substrates (see
2The patterning and growth was performed by Dr. Qian Gao.
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Chapter 2 for further details). The diameter of the nanowires was controlled by varying the
mask pattern (i.e. varying the diameter of the etched hole (d) and pitch (Λ) of the array). The
design of the mask pattern for the three dierent samples was: I) d = 215 nm, Λ = 500 nm,
II) d = 280 nm, Λ = 500 nm, III) d = 295 nm, Λ = 1 µm. After patterning, the substrates
were loaded into the MOVPE reactor and annealed at 750 °C for 10 min under a phosphine
(PH3) protective ow. Nanowires were then grown at 730 °C for 20 min with trimethylindium
(TMIn) and PH3 at a ow rate of 6.1×10-6 and 4.9×10-4 mol/min, respectively. The total H2
ow into the reactor was 15 L/min. The above mentioned growth parameters were adopted
from Gao et al. [53], in which SA-MOVPE growth of stacking fault-free pure wurtzite phase
InP nanowires was demonstrated. Because of their excellent crystalline quality and low vs ,
these InP nanowires were shown to have high QE [53]. The InP nanowires grown for this
study are therefore expected to be of similar quality.
The InP nanowires were characterised by SEM after growth to examine their morpho-
logy and measure their dimensions. Figure 5.2 shows the top view (a-c) and 30° tilted view
(d-f) SEM images of the three dierent samples grown. The diameters of the nanowires in
samples I-III are 250±2 nm, 330±5 nm, and 480±20 nm, and the average length is 4.8, 3.2,
8.3 µm, respectively. All nanowires have a perfect crystallographic at top end facet, which
provides a low-loss dielectric mirror for waveguide modes supported along the nanowire.
In particular, nanowires in samples I and II are structurally uniform; they have a regular
hexagonal cross-section and smooth untapered side walls. Therefore, guided modes suppor-
ted in these nanowires will be uniformly guided, without change in connement and scat-
tering loss along the nanowire. The nanowires in sample III are slightly tapered and have
irregular cross-section shape. The slight tapering is because this sample was unintentionally
grown at a slightly lower temperature (700 °C)3 and the irregular cross-section shape is due
to the large lateral growth, which is observed when the ratio of pitch to hole diameter (d/Λ)
is large [53]. However, as these nanowire have large diameters, the slight tapering and irreg-
ular cross-section shape will only have a minor eect on the connement of the low-order
guided modes that are expected to lase in these nanowires. In addition, the QE of nanowires
in sample III is expected to be only slightly reduced as a result of the lower growth temper-
ature [53]. Thus, over all, the nanowires in samples I-III have high material and structural
quality and are suitable as low-threshold nanowire lasers. Their diameters are also appropri-
ate for characterising lasing from dierent transverse modes, namely HE11b, TE01 and TM01
modes.
3Tapering is due to thin zinc blend segments, which are present in the InP nanowires grown at 700 °C [53].
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Figure 5.2: SEM images showing the top view (a-c) and 30° tilted view (d-f) of the
three dierent InP nanowire samples grown via SA-MOVPE. The average diameter of the
nanowires in samples I-III is 250 nm, 330 nm and 480 nm, and the average length is 4.8,
3.2, 8.3 µm, respectively.
5.2.3 Laser characterisation
InP nanowires from each of the samples I-III were transferred from the growth substrate onto
ITO-coated SiO2 substrates for optical measurements. To ensure that only the nanowires
that were grown from the patterned areas (and not from pinholes in the mask layer) were
transferred, we used a sharp tip of a lter paper to mechanically transfer the nanowires (see
Chapter 2 for further details). Lasing was then characterised from individual nanowires by
optical pumping. Room-temperature lasing4 was readily observed from nanowires obtained
from sample III, as they had low gth requirements because of their large diameters and lengths.
However, room-temperature lasing was not observed from nanowires obtained from samples
I and II, because of their smaller dimensions and thus larger gth (see Figure 5.1). In order to
characterise all nanowire lasers under the same experimental conditions, we performed op-
tical pumping experiments at low temperature (6 K). The dimensions of the dierent nanowire
lasers and their low temperature lasing characteristics are presented below.
4The room-temperature lasing results are not shown here. Room-temperature lasing from similarly large
diameter InP nanowires, which were characterised in the same optical system, is shown in Gao et al. [53].
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Figure 5.3: a-c. SEM images of the three dierent InP nanowire lasers that were charac-
terised in experiments. The nanowires are lying on ITO-coated glass substrates and were
obtained from samples I-III, respectively. Images a and b were taken at 0° tilt angle and
image c was taken at 50° tilt angle. The scale bar is 1 µm in all these images.
5.2.3.1 Nanowire laser dimensions
In our experiments, we characterised three dierent nanowire lasers that were obtained from
samples I-III, respectively. The SEM images5 of these three dierent nanowire lasers is shown
in Figures 5.3a-c. The dimensions of the nanowires measured from the SEM images are: (I)
d = 250 nm, L = 3.9 µm, (II) d = 330 nm, L = 2.8 µm and (III) d = 460 nm, L = 8.1
µm. In these SEM images, the end facet on the right hand side is slanted with respect to the
nanowire axis, and corresponds to the bottom end of the nanowire, from where the nanowire
was broken o from the growth substrate. Note that the end facet on the left hand side,
corresponding to the top end facet of the nanowires, is perfectly planar.
5.2.3.2 Low temperature lasing
Figure 5.4 presents the low temperature lasing characteristics of three dierent InP nanowire
lasers (whose SEM images were presented above). The integrated spectral emission as a func-
tion of excitation (L-L plot) is shown in the main gure on a log-log scale. For each of the
nanowire lasers, both the integrated spectral emission (which is proportional to the output
intensity from the nanowire) and excitation intensity have been normalised by their corres-
ponding values at threshold. The non-linear ’S’ like behaviour that is characteristic of lasing
is observed in the L-L plots. To model the ’S’ like curves, the experimental datasets were
tted using an analytical model for the total output intensity of a laser (Equation 23 in Ref-
erence [142]). This analytical model has one tting parameter x0, which is a dimensionless
measure of the spontaneous emission rate; it is proportional to the β factor and related to the
value p−1. The tted curves for each nanowire laser are overlaid on the L-L plots in Figure
5.4. A good t to the experimental data is obtained with x0 = (I) 0.22, (II) 0.06, (III) 0.018.
As explained in previous chapters, a smaller β factor (or equivalently, smaller x0 or larger p)
results in a more pronounced ’kink’ at threshold in the L-L plot, i.e. a sharper transition from
spontaneous emission to lasing. In Figure 5.4, the sharpness of the transition at threshold is
5Note that SEM images were only taken after the optical experiments, as the QE of nanowires was signicantly
degraded after exposure to the electron beam.
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Figure 5.4: Lasing characteristics at low temperature (6 K) from three dierent InP
nanowires of dimensions: (I) d = 250 nm, L = 3.9 µm, (II) d = 330 nm, L = 2.8 µm,
(III) d = 460 nm, L = 8.1 µm. The normalised output power versus pump intensity shows
‘S’ like behaviour, which characterises the transition from spontaneous emission to lasing
via amplied spontaneous emission. The lines are calculated using Equation 23 in Refer-
ence [142], with values of the parameter x0 = (I) 0.22, (II) 0.06, (III) 0.018, which provide
a good t to the experimental data. The ‘S’ like curve evolves from a sharp transition for
large diameter nanowires to a soft transition for small diameter nanowires. The lasing
spectra from these three nanowires, at pump intensity just above threshold (P = 1.2 Pth),
are shown in the inset. Reproduced from [74].
observed to become less distinct as the nanowire diameter reduces (note that nanowire lasers
I-III have diameters 250, 330 and 460 nm, respectively). The larger value of x0, or β factor,
observed for smaller diameter nanowire lasers is a direct consequence of the reduction in p.
The lasing spectra just above threshold (P = 1.2 Pth) from the three dierent diameter
nanowire lasers are shown in the inset of Figure 5.4. A single dominant lasing peak, as well as
some low-intensity peaks, are observed at this pump intensity for each of the nanowire lasers.
These peaks correspond to amplication of dierent axial and/or transverse modes supported
in the cavity. The dominant lasing peak, however, corresponds to the transverse (or guided)
mode with the lowest threshold gain; based on the design, the dominant lasing peaks are
predicted to be from HE11b, TE01 and TM01 modes for nanowire lasers I-III, respectively.
The dominant lasing peak for each of the nanowire lasers is at dierent spectral positions:
(I) 800 nm, (II) 830 nm and (III) 840 nm. This is because the dierent nanowire lasers charac-
terised have dierent dimensions, and thus dierent threshold gain requirements. Based on
their dimensions, threshold gain is lowest for nanowire laser III and largest for nanowire laser
I, which also correlates well with the threshold uence of these nanowire lasers measured in
experiments. The spectral position of the lasing peak is determined by the intersection of the
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material gain spectrum with the wavelength-dependent threshold gain curve for each laser
(for example, see Figure 3.14). Since the peak of the material gain spectrum (particularly in
bulk semiconductors) blue shifts with increasing carrier density, nanowire lasers with larger
threshold gain (and thus larger threshold carrier density) will lase at shorter wavelengths.
This is the reason why the lasing peak of the smaller diameter nanowire lasers characterised
in experiments is observed at shorter wavelengths. Note that the smaller diameter nanowire
lasers also have broader linewidths as a consequence of their larger threshold gain (or lower
Q factors); the FWHM of the dominant lasing peak of nanowire lasers I-III is 4.5, 3, 1.5 nm,
respectively.
5.2.3.3 Determining axial mode order by spectral analysis
The broad linewidth observed in the lasing spectrum of nanowire laser I was also because of
two closely spaced peaks that were not clearly resolved (see inset of Figure 5.4). To analyse
these peaks, the spectrum was measured using a ner grating (1200 lines/mm), and is shown
in Figure 5.5. Two distinct peaks are observed, centred at 799.5 and 802 nm. These closely
spaced peaks cannot be from dierent axial modes in the cavity, because the axial mode
spacing in nanowire laser I is expected to be 16.4 nm (calculated using ∆λ = λ2/(2ngL), with
λ = 800 nm, ng = 5 and L = 3.9 µm). Therefore, we attribute these closely spaced peaks
to HE11a,b modes, which dier slightly in eective index and are the only guided modes
supported in this diameter nanowire.
To identify which peak corresponds to which HE11 mode, we compared the spectral posi-
tion of HE11a,b modes in nanowire laser I with those determined from theory. In a F-P cavity,
the axial modes have to satisfy the equation: λ = 2neffL/m, where m is the axial order of
the mode and the other parameters have been previously dened. We used this equation to
determine the spectral position of the axial modes in nanowire laser I. For these calculations,
neff for the HE11a,b guided modes in a 250 nm diameter nanowire lying on a SiO2 substrate
was determined from MODE Solutions and L was taken from the SEM measurements. For
m = 24, the spectral positions of HE11a,b modes were calculated to be 802.4 nm and 797.4
nm, respectively. These values are in good agreement with the spectral position of the peaks
shown in Figure 5.5. Note that the dominant lasing peak is from the HE11b mode, which is
in agreement with the predictions of the threshold gain modelling.
In summary, we have demonstrated lasing from three dierent InP nanowires, which were
designed to lase from dierent transverse (or guided) modes. In the following sections, we will
discuss a mode characterisation technique to characterise the lasing modes in nanowire lasers
and use this technique to verify the lasing mode in each of the three devices. Note that for the
mode characterisation experiments, we will pump the nanowires just above threshold, where
the emission spectrum is dominated by a single lasing peak, corresponding to the transverse
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Figure 5.5: Spectrum of nanowire laser I taken using a ne resolution grating, at pump
intensity P = 1.2 Pth. Two closely spaced peaks are observed that correspond to the
resonant positions of HE11a,b modes in the cavity.
mode with lowest threshold gain. Operating close to the lasing threshold will also prevent
nanowires to lase from other transverse modes that have low threshold gain.
5.3 Mode characterisation: technique and modelling
Here we present a mode characterisation technique based on imaging the far-eld emission
pattern of nanowire lasers. As will be shown in this section, guided modes in the nanowire
have unique polarisation dependent far-eld proles. The lasing modes can therefore be
unambiguously identied by matching the far-eld proles from experiments with those
determined from simulations. In this section, we will model the far-eld emission from
nanowire lasers that are lying horizontally on a low index substrate and explain the ex-
perimental technique for imaging the far-eld emission pattern of nanowire lasers in this
conguration.
5.3.1 Far-eld emission pattern of nanowire lasers
The emission (or diraction) pattern of light at far distances from an emitter (or aperture) is
known as the far-eld pattern [143]. As explained in Appendix B, the far-eld pattern can
also be visualised at the focal plane of a positive lens [143]. In particular, it can be shown
that the far-eld pattern formed at the back focal plane (BFP or Fourier plane) corresponds
to the 2D Fourier transform of the eld distribution at the front focal plane of the lens (see
Appendix B for derivation). Thus, if the eld distribution at the front focal plane is known,
then the far-eld pattern at the BFP can be easily determined (and vica versa). We will use
this approach to derive a simple analytical model to describe the far-eld emission pattern
from a nanowire laser lying horizontally on a low index substrate.
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Figure 5.6: Ray diagram showing the construction of the far-eld emission pattern at the
back focal plane (BFP) of a converging lens. The emitter (nanowire laser) is situated on
the front focal plane and its far-eld emission pattern is formed at the BFP of the lens.
Note that plane waves incident on the lens at an angle θ are mapped to unique spatial
coordinates on the BFP.
5.3.1.1 Simple analytical model for the far-eld emission pattern
The conguration of the emitter (nanowire laser), lens and the BFP is shown in Figure 5.6.
The lens maps light with a unique k-vector (describing the direction of propagation) to a
unique point on the BFP. The far-eld intensity distribution at the BFP can be modelled using
the Fraunhofer diraction equation [143]:
I (u, v) ∝
 +∞∬
−∞
E (ξ, η) e−2pi(uξ+vη)dξdη
2 (5.1)
where E (ξ, η) is the electric eld distribution on the focal plane, u = xλ f and v = yλ f , where
x and y are the spatial coordinates on the BFP, λ is the wavelength of light and f is the
focal length of the lens. Note that the integral in Equation 5.1 is the 2D Fourier transform of
E (ξ, η) and the Fourier variables u and v are proportional to the transverse components of
the k-vector (k sin θ).
We will use Equation 5.1 to model the far-eld emission pattern of a nanowire laser. As
shown in Figure 5.6, the nanowire is aligned along the ξ axis and its end facets are at positions
ξ = ±L/2, where L is the nanowire length. Let us assume that the emission from the nanowire
end facets is monochromatic and that the intensity of emission is equal from each end. The
spatially localised emission at positions corresponding to the nanowire ends can then be
written as:
E (ξ, η) = E0
[
δ
(
ξ − L
2
)
eiϕ1 + δ
(
ξ +
L
2
)
eiϕ2
]
(5.2)
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where E0 is the amplitude of the eld, ϕ1,2 is the phase of the emission at the end facets and
δ
(
ξ ± L2
)
are delta functions at ξ = ±L/2.
Equation 5.2 represents the nanowire end facets as two point sources. To model diraction
from the nanowire ends and include the eect of the nite diameter of the nanowire, we will
model the nanowire end facets as circular apertures of diameter d. This is represented by a
convolution of the delta functions in Equation 5.3 with the cylinder function A (r/d):
E (ξ, η) = E0
[
δ
(
ξ − L
2
)
eiϕ1 + δ
(
ξ +
L
2
)
eiϕ2
]
⊗ A
( r
d
)
(5.3)
where r =
√
ξ + η2 and A(r/d) = 1 for r ≤ d and A(r/d) = 0 for r > d. Using Equations 5.1
and 5.3, we get the following expression for the far-eld intensity distribution at the BFP of
the lens:
I (u, v) = I0 cos2
(
piLu +
∆ϕ
2
) (
J1(pidρ)
ρ
)2
(5.4)
where I0 is a proportionality constant, ρ =
√
u2 + v2 and ∆ϕ = ϕ2−ϕ1 is the phase dierence
between the emission at the nanowire end facets.
The emission pattern described in Equation 5.4 has two parts. The cosine squared func-
tion models the interference fringes resulting from the spatially coherent emission from the
nanowire end facets. This interference pattern is equivalent to the diraction pattern pro-
duced when two narrow slits (separated by a distance L) are illuminated with monochromatic
light (of wavelength λ), as in Young’s double slit experiment [144]. The size of these inter-
ference fringes, or fringe spacing, depends upon the ratio of the nanowire length and lasing
wavelength (L/λ), and the oset of the interference fringes from the centre (x = 0) depends
on the phase dierence ∆ϕ. Note that ∆ϕ depends on the parity (even or odd axial order) of
the lasing mode [145]. Modes with even axial order are in phase at the nanowire end facets
(∆ϕ = 0) and modes with odd axial order are pi radians out of phase at the nanowire end fa-
cets (∆ϕ = pi). The second part of Equation 5.4, involving the rst order Bessel function, is an
envelope function, which modulates the intensity of the interference fringes across the BFP.
This function depends on the ratio of the nanowire diameter and wavelength (d/λ). Note
that if d  λ, this function is approximately constant across the BFP and the nanowire ends
behave like ideal point sources.
Figure 5.7 shows the modelled far-eld prole of a nanowire laser using Equation 5.4 for
dierent nanowire diameters and lengths. The wavelength was 880 nm for these calculations
and the focal length of the lens was estimated using f ≈ D/(2NA), where D is the lens
diameter and NA is its numerical aperture. For an objective lens with NA of 0.9 and pupil
diameter of 3.5 mm, f is approximately 1.94 mm. The eect of the nanowire diameter and
length on the far-eld emission pattern is demonstrated in Figure 5.7. The fringe spacing
reduces with increasing nanowire length, and so larger number of interference fringes are
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Figure 5.7: Modelled far-eld emission pattern of a nanowire laser at the BFP of a lens
using Equation 5.4. The emission pattern is calculated for even axial modes (∆ϕ = 0), at
a xed wavelength (λ = 880 nm), and for dierent nanowire diameters and lengths. The
coordinate axes (kx and ky) are related to the spatial coordinates on the BFP (kx = xf and
ky =
y
f ) and represent the direction cosine of the emitted light with respect to the optical
axis. Note that k2x + k2y = sin2 θ, where θ is the solid angle with respect to the optical axis,
and that the maximum angle that can be imaged by the lens is related to its numerical
aperture (sin θmax = NA). The calculations above are for a lens with NA of 0.9.
observed across the BFP for longer nanowires. Also, the intensity of the interference fringes
across the BFP becomes more uniform with reducing nanowire diameter as the nanowire
ends behave more like ideal point sources.
5.3.1.2 Degree of Spatial Coherence
In the modelling presented above, we assumed that the emission was monochromatic and was
emanating only from the nanowire end facets. However, we did not account for the broad
spectral emission from the entire nanowire due to spontaneous emission, nor did we account
for multiple ASE/lasing modes that could be present in the actual device. Had we included
these in our modelling, the interference fringes would be less distinct – the spontaneous emis-
sion would be distributed uniformly across all angles (assuming isotropic emission), and the
superposition of the far-eld patterns from even and odd parity axial modes would reduce the
visibility of the interference fringes. To demonstrate how the far-eld pattern would change
if incoherent spontaneous emission were taken into account, we modelled the interference
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Figure 5.8: Modelled far-eld emission pattern of a nanowire laser for varying degree of
spatial coherence. In a-c,
g(1) = 0, 0.5 and 1, which corresponds to incoherent emission,
partially coherent emission and coherent emission from the nanowire end facets, respect-
ively. The bottom panels show the intensity pattern at ky = 0. Equation 5.5 was used for
calculating these proles (with d = 500 nm , L = 3 µm and λ = 880 nm).
pattern resulting from interference of partially coherent light from two circular apertures.
The interference pattern is given by [144]:
I(u, v) = I0/2(1 + |g(1) |(cos 2piLu + ∆ϕ)(J1(pidρ)/ρ)2 (5.5)
where g(1) is the rst-order correlation function and it describes the correlation between
the electric eld amplitude at the nanowire ends. The magnitude of g(1) ranges from 0, for
incoherent light, to 1, for coherent light. Values in between 0 and 1 describe partially coherent
light. The other terms in Equation 5.5 were dened previously.
Figure 5.8 shows the far-eld prole modelled using Equation 5.5 for dierent values
of
g(1). Figures 5.8a-c correspond to the far-eld proles resulting from incoherent emis-
sion, partially coherent and coherent emission from nanowire end facets, respectively. These
proles are indicative of the far-eld proles expected for a nanowire laser below threshold
(where emission is dominated by spontaneous emission), near threshold (where emission is
dominated by one or many amplied cavity modes) and above threshold (where emission
is dominated by a single lasing mode), respectively. As shown in Figure 5.8, no interference
fringes are observed when
g(1) = 0. However, interference fringes are visible for partially co-
herent light, and the visibility of the interference fringes increases as
g(1) approaches unity.
The visibility of the interference fringes is dened as (Imax − Imin) /(Imax + Imin), where Imax
corresponds to the intensity maxima and Imin to the intensity minima, and provides a direct
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measure for
g(1). Thus, the visibility of interference fringes in the far-eld emission pat-
tern of a nanowire laser can be used to characterise the degree of spatial coherence of the
emission6.
5.3.2 Modelling the far-eld proles of dierent guided modes
As discussed so far, the far-eld pattern from a nanowire laser depends on the nanowire di-
mensions, axial mode parity, emission wavelength, spectral purity (single or multiple ASE/las-
ing modes) and degree of spatial coherence (relative intensity of the ASE/lasing peak versus
the spontaneous emission background). In addition to all of these, the far-eld pattern will
also depend on the lasing mode. As shown by a theoretical study on free-standing nanowires
[72], the polarisation and directionality of far-eld emission from the nanowire end facet
depends on the mode type. In this section, we will determine the far-eld prole and polar-
isation of dierent guided modes supported in nanowires lying horizontally on a substrate,
using numerical methods. Note that analytical methods cannot be used here because of the
anisotropy introduced by the substrate – the substrate aects both the mode prole within
the nanowire as well as the angular distribution of far-elds from the nanowire end facets.
5.3.2.1 Simulation setup
FDTD simulations were used to simulate the far-eld prole of dierent guided modes sup-
ported in a nanowire lying on a low-index substrate. The simulation geometry is depicted
in Figure 5.9a. The nanowire was modelled as a hexagonal prism with a refractive index of
3.4, and the substrate was modelled as a rectangular slab with a refractive index of 1.5. The
entire structure was surrounded by PML boundaries, and the substrate was extended through
the simulation boundary as it was modelled to be semi-innite in dimensions. Guided modes
supported in the nanowire were rst evaluated at a specic wavelength. Each guided mode
was then launched from the centre of the nanowire towards both end facets, and elds were
recorded on a plane just above the nanowire (in the near-eld). For all the simulations, the
monitor to record the near-eld data was placed at a constant height of 200 nm above the top
of the nanowire surface. The simulation region and monitor were also wide in the x and y
directions (see Figure 5.9a) in order to record elds emitted at large angles from the nanowire
end facets and thus accurately model the far-eld patterns.
The far-eld patterns for dierent guided modes were calculated after the FDTD simula-
tions were completed. To calculate the far elds, the near-eld data was decomposed into a
set of plane waves and projected onto a hemisphere 1 metre away from the monitor [146].
The projection of the elds from the monitor plane onto a hemisphere is illustrated in Figure
6Note that Equation 5.5 models the interference fringes at a single wavelength. Thus,
g(1) can only properly
characterised if the far-eld emission pattern from the nanowire laser is spectrally resolved.
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Figure 5.9: a. Schematic diagram showing the simulation geometry for the far-eld simu-
lations. Guided modes were injected along the nanowire towards both end facets and elds
were recorded on a plane just above the nanowire surface. The far-elds were then de-
termined from the near-eld data, by projecting the elds recorded on the monitor plane
onto a hemisphere 1 metre away. b. A schematic illustration of the far-elds projected
onto the hemisphere. The electric elds projected on the hemisphere were resolved in
spherical coordinates for polarisation analysis.
5.9b. Note that the directionality of emission is resolved on the hemisphere and the 2D map of
the elds projected on the hemispherical surface is equivalent to the far-eld pattern formed
at the BFP of a lens. Thus, the far-eld intensity proles within solid angles of less than 44.4°
correspond to the BFP of an objective lens with NA of 0.7 (sin θmax = NA).
5.3.2.2 Polarisation analysis on Fourier plane
The polarisation of the far elds for dierent guided modes was also determined from sim-
ulations. To analyse the polarisation of the far elds, the projected electric elds on the
hemisphere were expressed in spherical polar coordinates (instead of Cartesian coordinates).
This helped to simply the analysis, since the elds could then be easily decomposed into in-
plane (p) and out of plane (s) components7. Note that in spherical coordinates, the Eθ and Eφ
electric eld components correspond to p and s polarisations, respectively. Also note that the
radial direction corresponds to the direction of the k-vector (see Figure 5.9b), and since plane
waves are transverse, there is no radial component of the electric eld projected onto the
hemisphere. Thus, the far elds in spherical coordinates are expressed completely in terms
of the p and s eld components.
Once the far elds are resolved in terms of the p and s components, it is then relatively
straightforward to identify which eld components will be transmitted through a linear po-
7The ‘plane’ here corresponds to the plane coinciding with the direction of emission and the optical axis.
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lariser (to determine the mode polarisation in the far eld with respect to the nanowire axis).
As shown by Grzela et al. [147, 148], a linear polariser will select dierent p and s eld com-
ponents depending on the coordinates θ and φ on the BFP with respect to the transmission
axis of the polariser. The transmitted electric elds on the BFP (due to transmission through
a linear polariser) can be calculated using:
Epol = Eθ(θ, φ) cos(φ − α) − Eφ(θ, φ) sin(φ − α) (5.6)
where α is the angle of the polariser’s transmission axis with respect to the BFP coordinates.
For example, if the nanowire is aligned horizontally on the BFP (at φ = 0), then α = 0 gives
the polarisation parallel to the nanowire and α = pi gives the polarisation perpendicular to
the nanowire. As explained by Grzela [147], the elds are purely p polarised at the polariser’s
transmission axis and purely s polarised perpendicular to the polariser’s transmission axis.
Equation 5.6 will be later used to model the far-eld intensity pattern at dierent polarisations
and also determine the polarisation ratio: ρ =
(
I‖ − I⊥
) /(I‖ + I⊥) . Note that Equation 5.6
satises the requirement that the sum of the far-eld intensity parallel and perpendicular to
the nanowire equals the total far-eld intensity: |E |2 = |E‖ |2 + |E⊥ |2.
5.3.3 Simulated near-eld mode proles
FDTD simulations were used to model the far-eld proles of the guided modes that were
predicted to lase in the nanowire lasers characterised in experiments (see Section 5.2.3). The
dimensions of the nanowires were taken from the dimensions measured from SEM images
and the mode wavelength corresponding to the dominant lasing peak for each nanowire laser
was used for these simulations. The near-eld mode proles of HE11b, TE01 and TM01 modes
(which were the designed lasing modes for nanowire lasers I-III, respectively) recorded on a
plane just above the nanowire are presented in Figures 5.10a-c, respectively. The electric eld
intensity in the x, y, z directions is shown in the panels, left to right. Note that the x and y
directions correspond to the directions parallel and perpendicular to the nanowire axis, and
the colour bar values are on a log scale and are normalised to the maximum value of the total
electric eld intensity for each mode.
As shown in Figure 5.10, the mode proles resolved in the x, y, z directions are quite
dierent for each guided mode. Therefore, polarisation resolved images of the emission pat-
tern of nanowire lasers may be used for characterising the lasing mode(s). Note that all three
components of the simulated electric eld (in the near-eld) are non-zero because the guided
modes in the nanowire are fully vectorial [4]. We calculated the fraction of the total electric
eld intensity in the x, y, z directions from the images in Figure 5.10 by integrating the eld
components across the monitor. The fraction calculated for HE11b mode is 0.19: 0.70: 0.11;
the fraction calculated for TE01 mode is 0.01: 0.78: 0.21; and the fraction calculated for TM01
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Figure 5.10: Simulated spatial proles of HE11b, TE01 and TM01 modes in the near-eld
region of the nanowire. In a-c, the dimensions of the nanowire and the mode wavelength
correspond to the dimensions and lasing wavelength of the nanowire lasers I-III, respect-
ively. The panels, from left to right, show the electric eld components in the x, y, z
directions (as indicated by white arrows on the top right corner of these images). The
nanowire axis is aligned in the x direction. The colour bar values are on a log scale.
mode is 0.37: 0.08: 0.55. Thus, in the near eld, the HE11b and TE01 modes are polarised in
the y direction (perpendicular to the nanowire), whereas the TM01 mode is polarised in the
z direction (perpendicular to the focal plane) .
5.3.4 Simulated far-eld mode proles
The angle-resolved far-eld proles of dierent guided modes were calculated from the near
eld data obtained from FDTD simulations. The far-eld intensity and the polarisation re-
solved far-eld intensity proles8 (polarisation parallel and perpendicular to the nanowire
axis) of HE11a, HE11b, TE01, TM01 modes are shown in Figures 5.11a-d, respectively. The
nanowire axis is in the horizontal direction in all these images. The dimensions of the nanowire
and the mode wavelength in Figures 5.11a-b correspond to the dimensions and peak emission
wavelength of nanowire laser I, whereas in Figures 5.11c-d, the dimensions of the nanowire
and the mode wavelength correspond to those of nanowire lasers II-III, respectively.
8The polarisation resolved far-eld proles were calculated using Equation 5.6.
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Figure 5.11: a-d. Simulated far-eld proles of HE11a, HE11b, TE01 and TM01 modes,
respectively. For each mode, the total electric eld intensity prole is shown on the left
and the polarisation resolved intensity proles are shown on the right. The nanowire axis
is in the horizontal direction in all these images. The polarisation direction is indicated by
the white arrow on the top right hand corner. The line plots below the far-eld proles
show the intensity variation along the horizontal axis of the back focal plane (BFP). Note
that the BFP is simulated for a lens with NA of 0.7. The nanowire dimensions and the
mode wavelength used in simulations are: a-b. 250 nm, 3.9 µm, and 800 nm c. 330 nm, 2.8
µm, and 830 nm d. 460 nm, 8 µm, and 840 nm, respectively.
The simulated far-eld proles reveal interesting characteristics. Interference fringes are
observed in the far-eld, which were also described by the analytical modelling. However,
the intensity of the interference fringes across the BFP is modulated dierently for each mode
(for example, see the line plots in Figure 5.11). In particular, each mode has a unique polar-
isation resolved far-eld prole. Thus, it should be possible to determine the lasing mode(s)
in nanowire lasers by imaging the far-eld pattern at the BFP of the lens under dierent po-
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larisations in experiments and comparing them with simulations. Note that the simulated
far-eld patterns are shown for an objective lens with NA of 0.7 and that the far-eld intens-
ity pattern for each guided mode is equal to the sum of the polarisation resolved far-eld
intensity patterns.
5.3.4.1 Polarisation ratio
The far-eld intensity patterns shown in Figures 5.11 can be integrated across the BFP to de-
termine the total eld intensity at each polarisation (I‖ and I⊥), and calculate the polarisation
ratio, ρ =
(
I‖ − I⊥
) /(I‖ + I⊥) , for each guided mode. Using this approach, we calculated ρ to
be 0.83, -0.61, -0.98, 0.96 for the HE11a, HE11b, TE01 and TM01 guided modes, respectively.
Thus, the HE11a and TM01 modes are polarised parallel to the nanowire and the HE11b and
TE01 modes are polarised perpendicular to the nanowire. The guided modes have dierent
polarisation ratios, and so ρ can also be used to characterise the lasing mode(s), as demon-
strated in Chapter 4.
5.4 Mode characterisation: experimental results
As predicted by modelling, images of the far-eld emission pattern of nanowire lasers, par-
ticularly under dierent polarisations, can be used to determine the lasing mode. In our
experiments, we imaged the emission pattern of nanowire lasers directly in the microscope
(i.e. imaged the focal plane) as well as imaged the emission pattern at the BFP of the lens
(see Chapter 2 for further details). A linear polariser placed in the parallel beam path before
the imaging camera was also used to obtain the polarisation dependent far-eld emission
patterns. In this section, we will present the experimentally obtained far-eld images of the
nanowire lasers and characterise the lasing mode(s) by comparing these images to simula-
tions.
5.4.1 Fourier plane images of nanowire lasers
The BFP (or Fourier plane) images of nanowire lasers I-III are shown in Figures 5.12a-c,
respectively. The nanowire lasers are orientated horizontally with respect to the BFP co-
ordinates in all these images. The images were taken at a pump uence just above threshold
(P = 1.2 Pth) to ensure that lasing was predominately from the mode with lowest threshold
gain (as discussed previously, more than one transverse mode may lase due to the dierence
in loss being small). The BFP images show clear interference fringes as a result of the intense
emission from the nanowire end facets above threshold. The visibility of the interference
fringes is largest for nanowire laser II as the emission spectra is dominated by a single lasing
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Figure 5.12: a-c. Back focal plane (BFP) images of nanowire lasers I-III obtained just
above threshold. The line plots below show the intensity variation as a function of angle
across the BFP. The ts to the data obtained using Equation 5.5 and parameters in Table
5.1 are also shown. Adapted from [74].
peak. The visibility of the interference fringes is lower for the other nanowire lasers, which
have more than one lasing peak.
In Figure 5.12, we have also included line plots below the BFP images, which show the
intensity along the line φ = 0° or 180° of the BFP. Sinusoidal variation in the intensity as a
function of angle is evident in all line plots. The irregular peak at θ = 8° and θ = 0° in the
line plots of Figures 5.12a-b, respectively, are due to the strong back reection of the pump
laser from the substrate, which was not adequately ltered out by the lters. These irregular
peaks suggest that the sample in Figures 5.12a was slightly inclined (at an angle 8°) with
respect to the optical axis of the objective lens during measurements, whereas the sample in
Figures 5.12b was perpendicular to the optical axis of the objective lens. The intensity fringes
observed in the BFP images enable the length of the nanowire lasers and the parity of the
axial modes to be easily determined, as shown below.
5.4.1.1 Estimation of nanowire length and mode parity
We used Equation 5.5 to t the line plots of the far-eld intensity pattern shown in Figures
5.12a-c. Table 5.1 shows the parameter values used for obtaining the ts. The rst three
columns in Table 5.1 are the parameters which determine the spacing of the interference
fringes on the BFP. The wavelength for the modelling was specied to be the wavelength of
the dominant lasing peak(s) of the nanowire lasers, and the length and phase dierence were
varied to match the period and phase shift of the sinusoidal intensity pattern, respectively.
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Table 5.1: Parameter values used for tting the line plots of the experimentally obtained
far-eld emission patterns of the nanowire lasers, shown in Figures 5.12a-c. The rst three
columns are the parameters that determine the spatial position of the interference fringes
across the back focal plane.
λ L ∆ϕ d
g(1) I0
NW laser I 800 nm 3.5 µm 0 rad 0.25 µm 1 2.2
816 nm pi rad 0.2 0.6
NW laser II 830 nm 2.81 µm 2pi15 rad 0.33 µm 1 1.1
NW laser III 843 nm 8.14 µm 14pi18 rad 0.46 µm 0.8 1.1
Note that for nanowire laser I, the intensity pattern was calculated from superposition of in-
tensity patterns calculated at two wavelengths, corresponding to the two dominant intensity
peaks in the emission spectra.
The parameters in the last three columns of Table 5.1 modify the intensity and visibility
of the interference fringes across the BFP (these parameters are not necessary if only the
nanowire length and mode parity are to be estimated from the t). For these parameters, the
diameter was taken from SEM measurements and the values of
g(1) and I0 were chosen to
best t the data.
The ts to the data are overlaid in the line plots in Figures 5.12a-c. Based on the analytical
ts, the length of nanowire lasers I-III is estimated to be 3.5, 2.81, 8.14 µm, respectively, which
is consistent with the measured length of the nanowire lasers from SEM images (see Figure
5.3). The parity of the lasing mode(s) is also determined from the ts. For nanowire laser I,
the two dominant lasing peaks are from adjacent axial modes (even and odd parity modes).
For nanowire laser II, the lasing mode has even parity and for nanowire laser III, the lasing
mode has odd parity. We note that the phase dierence ∆ϕ for nanowire lasers II and III are
shifted from the expected values of 0 and pi rad, respectively. The slight phase shift from the
expected values could be because of reection/scattering from the imperfect end facet of the
nanowire laser.
5.4.2 Polarisation resolved mode proles
As shown from simulations, polarisation dependent measurements are required to unambigu-
ously identify the lasing mode(s). The polarisation resolved far-eld images of the nanowire
lasers characterised in experiments are shown in Figure 5.13. Both the focal plane and the
BFP were imaged in experiments to obtain the spatially-resolved and angle-resolved far-eld
emission patterns of the nanowire lasers, respectively. A linear polariser was placed before
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the camera for these measurements and the polarisation was resolved parallel and perpen-
dicular to the nanowire, as indicated by the white arrows on top right corner of these images.
In the focal plane images (Figures 5.13a-c), the colour bar axes are shown on log scale as in-
tense emission was observed from the nanowire end facets above threshold. Distinct spatial
patterns at positions corresponding to the nanowire end facets are observed in these images9.
The spatial pattern of the emission is dierent for each of the three nanowire lasers charac-
terised, which suggests that they are lasing from dierent transverse (or guided) modes.
The polarisation resolved BFP images of the three dierent nanowire lasers (Figures 5.13d-
f) are also dierent with respect to each other. This is because the interference fringes are
modulated in intensity by the mode far-eld pattern, which is polarisation dependent. As the
guided modes have unique polarisation resolved far-eld proles, the dierent lasing modes
can be unambiguously determined by matching the experimentally obtained focal plane and
BFP images with simulations.
Let us rst compare the focal plane images in Figures 5.13a-c with the near-eld proles
shown in Figure 5.10. The polarisation resolved near-eld proles for the HE11b, TE01, TM01
modes correlate qualitatively with the focal plane images of nanowire lasers I-III, respect-
ively. However, there are slight dierences between the experimental images and simulated
proles, which are because: in experiments, the polarisation analysis is performed on the far-
elds, in the parallel light path behind the innity corrected objective lens, whereas in simu-
lations, the elds are resolved in the near-eld of the nanowire laser. Although it is possible
to model the spatially-dependent far-eld mode proles that would be directly comparable
with experiments, the simulated near-eld mode proles already provide a qualitative basis
to distinguish the dierent lasing modes. Based on the simulated near-eld mode proles,
the nanowire lasers I-III are likely to be lasing from HE11b, TE01, TM01 modes, respectively,
which is also consistent with the threshold gain predictions from Figure 5.1.
To verify the lasing modes, we will also compare the BFP images in Figures 5.13d-f with
the simulated angle-resolved far-eld proles shown in Figures 5.11. Unlike the near-eld
proles, the simulated angle-resolved far-eld proles are directly comparable with the BFP
experimental images. However, the polarisation resolved far-eld proles, shown on the
right hand panel in Figures 5.11b-d, do not match the experimental data. This is because of
the phase shift introduced by the sapphire window used in our experiments, which will be
discussed in detail in the next section. Although the polarisation resolved far-eld proles
do not match, we note that the far-eld intensity proles of HE11b, TE01 and TM01 modes,
shown on the left hand panel in Figures 5.11b-d, correlate well with the ’unpolarised’ BFP
images of nanowire lasers I-III, shown in Figures 5.12a-c, respectively. Note that the intens-
ity pattern of the ’unpolarised’ BFP image is equal to the sum of the polarisation resolved
9Note that without the polariser, the focal plane images of the dierent nanowire lasers do not reveal any
distinguishing features to characterise dierent lasing modes (e.g. see Figure 3.10d and Figure 4.20c).
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Figure 5.13: Polarisation resolved focal plane images (a-c) and back focal plane images
(d-f) of nanowire lasers I-III. The images were obtained above threshold, at pump intensity
P = 1.2 Pth, with the pump laser ltered out. A linear polariser was placed in front of the
camera to resolve the polarisation of the laser emission, both parallel and perpendicular
to the nanowire axis. Note that white arrows on the top right corner of the images show
the direction of the polariser’s transmission axis and that nanowires are orientated hori-
zontally in the back focal plane images. The polarisation resolved images show distinct
spatial and angle-resolved far-eld patterns that are characteristic of the particular lasing
mode(s). Adapted from [74].
intensity patterns shown in Figures 5.13d-f.
5.4.2.1 Polarisation ratio
The polarisation ratio ρ of the nanowire lasers was calculated from the polarisation resolved
images shown in Figure 5.13, by integrating the intensity of emission across the BFP. For the
three dierent nanowire lasers I-III, ρ = −0.06, -0.34 and 0.33, respectively. The dierent ρ
for each of the three nanowire lasers is because they are lasing from dierent transverse (or
guided) modes. However, ρ determined from experiments is much lower than those calculated
for the guided modes (see Section 5.3.4.1). This is because of the sapphire window used in
experiments, which modied the polarisation of the far elds, as explained below.
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Figure 5.14: a. Ray diagram of wave propagation through the sapphire window. The in-
cident ray is refracted at dierent angles: θo for the ordinary ray and θe for the extraordin-
ary ray. b. Indicatrix for a uniaxial crystal used for calculating the angle dependent index
of the extraordinary ray.
5.4.3 Matching mode proles with simulations
A thin crystalline sapphire window was used in the cryostat for our low temperature ex-
periments (see Chapter 2). However, sapphire is a birefringent material, with two dierent
refractive indices no and ne, where ne is the refractive index along the direction of the op-
tical axis (or c-axis). As a consequence, the phase velocity of a propagating wave through
the sapphire window will depend on its polarisation and direction with respect to the optical
axis. The optical axis of the sapphire window used in our experiments was normal to the sur-
face. In this orientation, light incident normal to the window would see the same refractive
index, irrespective of its polarisation. However if light is incident at an angle, then the phase
velocity of electric eld components parallel to the optical axis and perpendicular to the op-
tical axis will be dierent, resulting in a phase shift. This phase shift alters the polarisation
of the incident light, and so inadvertently aects the polarisation of the far elds analysed
experimentally. Here we will calculate the phase shift resulting from the birefringence of the
sapphire window, and correct the simulated far-eld mode proles for the phase shift.
5.4.3.1 Corrections for birefringence of sapphire window
Figure 5.14a shows a schematic diagram of the sapphire window used in experiments. The
optical axis of the window is in the z direction, and light incident on the window at a solid
angle θi is refracted at two dierent angles. The ordinary wave, which sees the refractive
index no, is refracted at angle θo and the extraordinary wave, which sees a dierent refract-
ive index is refracted at angle θe. The refractive index of the extraordinary wave is angle
dependent, and is given by n−2 (θ) = n−2o cos2 θ + n−2e sin2 θ, as shown in Figure 5.14b. The
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Figure 5.15: Parameters used for correcting for the transmission through sapphire win-
dow. a. Phase shift between extraordinary and ordinary rays (or equivalently p and s
polarised eld components) calculated using Equation 5.7 and 2D-FDTD simulations. b.
Amplitude of p and s polarised eld components due to transmission through sapphire
window. The transmission amplitude is calculated by applying the Fresnel equations
twice, for air/window interface and window/air interface. The equations used are shown
in the inset.
angles θo and θe are calculated using Snell’s law. The phase shift between the ordinary and
extraordinary waves after travelling through the window is given by:
∆ϕ (θi) = 2pit sec θo
λo
(n (θe) − no) (5.7)
where λ0 is the wavelength of the incident ray and t is the thickness of the window (which
was ~500 µm).
The phase shift resulting from the birefringence of the sapphire window was calculated
as a function of incident angle using Equation 5.7. The phase shift was also calculated using
FDTD simulations to validate the analytical modelling. As shown in Figure 5.15a, both calcu-
lations are in good agreement with each other. The phase shift∆ϕ (θ)was then used to correct
the simulated far-eld proles. To do this, the Eθ component of the far-elds (in spherical
coordinates) was multiplied by ei∆ϕ(θ). This is because, with respect to the coordinate axes
shown in Figure 5.14a, the ordinary and extraordinary rays correspond to waves polarised
in the φˆ and θˆ directions, respectively. And so the Eφ and Eθ far-eld components in sim-
ulations correspond to the ordinary and extraordinary rays. Note that the incident angle θi
corresponds to the solid angle of the emitted light from the nanowire, i.e. the θ coordinates
on the BFP.
To correct the simulated far-eld proles for the transmission through the sapphire win-
dow, we also adjusted the amplitudes of the Eθ and Eφ components. The transmission amp-
litudes are given by Fresnel equations and depend on polarisation of incident light and the
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incident angle. The net transmission, calculated by applying the Fresnel equations twice (for
air/window interface and window/air interface) is shown in Figure 5.15b. Note that the p and
s polarisations correspond to Eθ and Eφ , respectively. The amplitude of these components
was adjusted using the values shown in Figure 5.15b.
5.4.3.2 Simulated mode proles after correcting for birefringence
The system corrected far-eld proles of the HE11a, HE11b, TE01 and TM01 modes are shown
in Figures 5.16a-d, respectively. The total electric eld intensity is shown in the left-hand
panel and the polarisation resolved eld intensity patterns, parallel and perpendicular to the
nanowire axis, are shown in the right-hand panel. Note that the sum of the polarisation re-
solved eld intensity patterns equals the total electric eld intensity pattern. In comparison
to the uncorrected far-eld proles, shown in Figures 5.11a-d, the total electric eld intensity
proles are almost the same (apart from slight dierences due to transmission loss through
the sapphire window), but the polarisation resolved eld intensity proles have changed con-
siderably. Thus, the phase shift due to the birefringence of the sapphire window has a signi-
cant eect on the polarisation of the far-elds, which is why the polarisation resolved BFP
images of nanowire lasers measured in experiments did not match the simulated far-eld
mode proles presented earlier on.
Despite the polarisation of the far-elds being signicantly modied by the sapphire win-
dow, the polarisation resolved far-eld mode proles are still dierent for each of the modes
and so can be used to distinguish dierent lasing modes. Let us compare the system corrected
far-eld proles in Figure 5.16 with the polarisation resolved BFP images of nanowire lasers
I-III in Figure 5.13. For nanowire lasers II and III, the system corrected far-eld patterns for
TE01 and TM01 modes correlate well with the experimental data. Thus, nanowire lasers II
and III do indeed lase from TE01 and TM01 modes, respectively.
For nanowire laser I, the system corrected far-eld patterns of either HE11a and HE11b
modes do not match the experimental data. This is because both HE11a,b modes were ob-
served to be lasing in nanowire laser I, as discussed previously (see Figure 5.5). Therefore,
to simulate the far-eld pattern for nanowire laser I, we superposed the far-eld proles of
HE11a and HE11b modes (by adding the complex electric elds in the respective far-eld pro-
les). The combined far-eld pattern calculated from the system corrected far-eld patterns
of the HE11a,b modes, is shown in Figure 5.17. The total electric eld intensity is shown in
the left-hand panel and the polarisation resolved eld intensity patterns, parallel and per-
pendicular to the nanowire axis, are shown in the right-hand panel. Both the total electric
eld intensity and polarisation resolved eld intensity patterns correlate well with the exper-
imental data of nanowire laser I, thus verifying that it was indeed lasing from both HE11a,b
modes. We note that the combined far-eld patterns in Figure 5.17 were calculated by adding
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Figure 5.16: a-d. Simulated far-eld proles for HE11a, HE11b, TE01 and TM01 modes
after correcting for the transmission through the sapphire window. For each mode, the
total far-eld intensity prole is shown on the left panel and the polarisation resolved
far-eld proles are shown on the right panel. The nanowire axis is orientated in the
horizontal direction in all these images and the polarisation direction of the proles is
shown by the white arrow on the top right hand corner. The line plots below the far-eld
intensity proles show the intensity variation along the horizontal axis of the back focal
plane. Adapted from [74].
the far-elds in the intensity ratio10 of 1:3 – any other combination of the relative intensity
did not match with our experimental data. Thus, the HE11b mode was indeed the dominant
lasing mode in nanowire laser I, as predicted from threshold gain modelling.
10The intensity of the HE11b mode was modelled to be larger as it was shown to be the dominant lasing mode
in nanowire laser I.
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Figure 5.17: Far-eld intensity proles calculated by combining the individual far-eld
proles of HE11a and HE11b modes. To calculate these proles, the complex electric elds
in the respective far-eld proles were added in the ratio 1:3 and then intensity was cal-
culated by taking the modulus of the total electric eld. Adapted from [74].
5.4.3.3 Polarisation ratio
The phase shift due to the birefringence of the sapphire window also results in low polarisa-
tion anisotropy (low ρ) and is the main reason for the low ρ measured in experiments. ρ for
the HE11a, HE11b, TE01 and TM01 modes calculated from the system corrected polarisation
resolved far-eld proles (Figures 5.16a-d) are 0.34, -0.32, -0.37 and 0.41, respectively, and ρ
calculated from the combined far-eld prole of HE11a,b modes (Figure 5.17) is -0.09. The ρ
for HE11a,b, TE01 and TM01 modes after correcting for transmission through the sapphire
window are also consistent with the ρ calculated for the three dierent nanowire lasers I-III
from experiments (see Section 5.3.4.1 and Section 5.4.2.1).
5.5 Summary
In this chapter, we used the Fourier plane imaging technique to characterise the lasing modes
in semiconductor nanowire lasers. To demonstrate this technique, we deliberately designed
nanowire lasers to lase from dierent guided modes and then characterised their far-eld pro-
les. As shown by both modelling and experiments, the polarisation and angular distribution
of far-eld intensity are distinct for each of the lasing modes, and enable the lasing mode(s)
in nanowire lasers to be unambiguously identied.
The mode characterisation technique discussed in this chapter has a number of advant-
ages. It is straightforward to implement in a standard µ-PL system and does not require
nanowire lasers to be free-standing or suspended o from the substrate. Since this technique
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is applicable to nanowire lasers that are lying on a substrate, it can be used for characterising
nanowire lasers and LEDs that have been integrated with other optical components, such
as waveguides and gratings [149–152]. Moreover, it enables the directionality and polarisa-
tion of the far-elds to be measured experimentally, which will aid the design of integrated
components for better out-coupling of light and/or collimating light from nanowire lasers. In
general, this technique can be applied to characterise ASE/lasing modes in other types of nan-
olasers [50, 62, 153], which are also integrated on a substrate in either horizontal or vertical
congurations. In particular, for nanolasers that behave as F-P like cavities, this character-
isation technique provides an alternative way to determine the cavity length, without relying
on SEM characterisation methods, which can have degrading eects on the performance of
the device due to electron beam damage. It also enables parity and order of the axial modes
to be identied, as also demonstrated by other studies [145].
Chapter 6
Concluding remarks
In this dissertation, we presented the design and demonstration of various III-V semicon-
ductor nanowire lasers. In Chapter 3, we began by investigating the design of GaAs nanowire
lasers – we identied the optimal dimensions of the nanowire for minimising threshold gain
and the QE required to achieve room temperature lasing. Then, based on the design, we
grew high-QE surface-passivated GaAs nanowires with appropriate dimensions and demon-
strated room-temperature lasing from individual nanowires by optically pumping. Following
on from this demonstration, in Chapter 4, we studied nanowire lasers with quantum conned
active regions for the purpose of attaining lower thresholds. For this study, we considered
core-multi-shell nanowire heterostructures with coaxial GaAs/AlGaAs MQW gain regions.
First, we modelled gain/loss in these nanowire heterostructures to identify the best mode for
the design (in terms of lowest loss and largest modal gain) and then, for a nanowire with
xed dimensions, we identied the optimal placement, thickness and number of QWs to
minimise threshold. Based on the design, we then grew high-quality GaAs/AlGaAs MQW
nanowire heterostructures and demonstrated low-threshold room-temperature lasing from
individual nanowires. Lastly, in Chapter 5, we discussed an experimental technique to char-
acterise the lasing mode(s) in nanowire lasers based on imaging their far-eld emission pat-
tern. To demonstrate this technique we used InP nanowires, which had high QE and excellent
structural characteristics. The InP nanowires were designed to lase from dierent modes, and
lasing was veried to be from the designed modes by characterising their far-eld emission
pattern in experiments and comparing them with simulations. In addition to characterising
the lasing mode, this technique also characterises the directionality of far-eld emission from
the nanowire lasers, which is important for being able to eciently couple light from the
nanowire lasers to other optical waveguides/components.
While substantial advancements have been made in the development of nanowire lasers
in various material systems and cavity congurations, there is still much more that is required
to be done before nanowire lasers can be commercially realised. We have classied these areas
of research in the following sub-sections.
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Figure 6.1: Schematic diagrams showing the dierent types of nanowire lasers studied in
this thesis, namely: (a) GaAs (b) GaAs/AlGaAs MQW, and (c) InP nanowire lasers. The
colour segments identify the location of the gain region within the nanowire.
Electrically driven lasing Ultimately, nanowire lasers have to be electrically driven
for them to be used practically. To date, there has only been one successful demonstration of
an electrically-driven single-nanowire laser [40]. There also have been a few demonstrations
of electrically driven lasing in nanowire arrays [66–68]. To achieve electrically driven lasing
there are challenges associated with forming Ohmic contacts on the small end facets of the
nanowire and with uniformly doping the nanowires with P-type and N-type dopants during
the nanowire growth. Moreover, there is a bigger issue with increased losses due to absorption
in the metal. To reduce absorption loss, the nanowire cavity with metal contacts has to be
appropriately designed and the metal coverage on the nanowire has to be minimised.
Heat sinking Heating can signicantly aect the performance of a laser and is a sig-
nicant issue in nanowire lasers, due to their small dimensions and the low thermal conduct-
ivity of the surrounding medium. In our experiments, we used ITO-coated glass substrates
upon which nanowires were placed. Even though ITO has a high thermal conductivity, the
nanowires are mostly surrounded by air and their contact area with the substrate is small.
Because of these reasons, in our experiments, we observed degradation of the laser output
intensity at very high pump uence or with continuous exposure to the pump laser.
To reduce heating in nanowire lasers, heat-sinking is required. One possibility is to con-
formally coat nanowires with a low-index conductive dielectric, such as ITO, either before
or after transferring them from the growth substrate. Another possibility is to use the metal
contacts to the nanowire, which are anyway required for electrical injection, as heat-sinks.
However, as mentioned before, the nanowire cavity with metal or other thermally conductive
material has to be properly designed to minimise the threshold. We note that larger threshold
gain requirements will result in larger pump uence, and heating will be more signicant at
higher uence.
Continuous wave operation at room temperature The majority of nanowire lasers
demonstrated to date have been pulsed. However, CW lasing is required for many applica-
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tions, including data transmission. To our knowledge, there have been only two demonstra-
tions of continuous wave (CW) nanowire lasers that have been reported, and both of them
were at low temperature [70, 71]. Heating is one of the major issues that has so far inhib-
ited CW lasing in nanowire lasers, particularly at room temperature. Ecient heat sinking
in nanowire lasers is therefore required to achieve CW lasing. We note that CW lasing has
been demonstrated in metal cavity lasers [154–156], despite them having much lower cavity
volumes and much higher threshold requirements than nanowire lasers. The metal coating
used to form the cavity in these designs, therefore, provides an eective heat sink.
Collimating/Directionality/Out-coupling Many of the practical uses of lasers stem
from their ability to emit a collimated and coherent beam of light. However, as the laser
cavity is reduced in dimensions, the resonant modes become fully vectorial and the light
emitted from the cavity becomes more divergent. This issue is not limited to nanowire lasers
alone and is an issue for all nanoscale lasers. In microscale lasers, such as VCSELs, lenses
are employed to collimate the laser output. Similarly, nanoscale lenses may be required to
collimate the light from the nanowire. The lenses may be integrated with the cavity, for
example by shaping the ends of the nanowire, or by encapsulating the nanowire in a cladding
of lower index material and shaping the cladding. Nanowire lasers may also be integrated into
an optical bre for easily coupling light out from the nanowire laser [157]. Light guided by
the bre then may be collimated using conventional approaches.
Controlling the directionality of emission from nanowire lasers is also necessary for in-
tegrating them with optical components. To make light emission from nanowire lasers dir-
ectional, nanowire lasers may be designed with gratings. The grating may be etched into the
nanowire or in a cladding surrounding the nanowire, and the directionality of emission may
be controlled by altering the grating parameters such as its period and grating fraction. The
shape of the nanowire laser or the shape of the nanowire end facets may also be engineered
to modify the directionality of the far-eld emission.
Developing novel methods to eciently out-couple light from nanowire lasers are also
required for furthering the development of integrated nanophotonic circuits. While a few
dierent approaches to couple light from nanowire lasers have been demonstrated so far, the
light coupling eciency is relatively low. We note that a signicant amount of light from
nanowire lasers is coupled to the substrate, due to its higher refractive index than air, so it
may be worth considering how to design the substrate for improving the light out-coupling
eciency.
Vertical integration/integration on Si substrates Nanowire lasers that are integ-
rated on a substrate vertically have several advantages. Firstly, vertically orientated nanowire
lasers have a smaller footprint compared to horizontally lying nanowires and so are prom-
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ising for high-density integration. Secondly, nanowires grown vertically on the substrate do
not have to be transferred onto another substrate after growth, and so their position on the
substrate can be well controlled. The vertical conguration is also suitable for integrating
nanowire lasers on Si substrates, which is ultimately required for developing optoelectronic
integrated circuits. While single-nanowire lasers that are vertically orientated on Si sub-
strates have been demonstrated, further research is required for eciently coupling light out
from nanowire lasers in this conguration (for example, coupling light from the vertically
orientated nanowires to waveguides that are integrated horizontally on the substrate).
Improving yield While there are billions of nanowires grown on a wafer, there is usu-
ally a large variation in the threshold of nanowire lasers from the same growth. This is mainly
because the nanowires break unevenly when transferred onto low index substrates and so
there is variation in the cavity length and the morphology of the broken nanowire end facets.
Therefore, to improve the yield of nanowire lasers and to reduce the variation in threshold,
the techniques to transfer nanowires onto the substrate have to be rened, and processes
to planarise the end facets have to be developed (for example, using focused ion beam (FIB)
or microtomy to planarise nanowire ends). To improve yield, the growth of nanowires also
has to be optimised to minimise the variation in the nanowire dimensions, morphology and
material quality across the sample.
In conclusion, nanowire lasers have shown great potential for downscaling the physical
dimensions of lasers. Although further progress is still required to commercialise nanowire
lasers, signicant achievements have been made in developing nanowire lasers in various
material systems and cavity congurations. In this dissertation, we have developed state-
of-the-art III-V semiconductor nanowire lasers that operate at room temperature and have
low thresholds. We envisage that these III-V semiconductor nanowire lasers will nd im-
portant applications in high-density data and optical communication systems, ultrasensitive
optical sensors and scanning near-eld optical microscopy. We also envisage that the design
of nanowire lasers and mode characterisation techniques presented in this thesis will help
others to develop more advanced nanowire or nanoscale lasers.
Appendix A
Optical modes of a dielectric
cylinder
A.1 Solutions to Maxwell’s Equations
Maxwell’s equations in a non-conducting material (absence of free charges) are:
∇ · D = 0 (A.1)
∇ · B = 0 (A.2)
∇ × E = −∂B
∂t
(A.3)
∇ ×H = ∂D
∂t
(A.4)
where E is the electric eld, B is the magnetic eld, D is the displacement eld and H is the
magnetising eld. For a linear medium:
D = εE = εrε0E and B = µH = µrµ0H (A.5)
where ε0 is the permittivity of free space, µ0 is the permeability of free space, εr is the rel-
ative permittivity and µr is the relative permeability. The fundamental constants ε0 and µ0
are related to the speed of electromagnetic wave in vacuum: c = 1√
µ0ε0
. The speed of the
electromagnetic wave in the medium is cn , where n is the refractive index of the material;
n =
√
εrµr. Note that for non-magnetic materials µr = 1.
A.1.1 Vector wave equation
Let us assume that µ is a constant and ε depends on position, that is ε = ε (x, y, z). If the
propagating elds have a time variation of the form e−iωt , Maxwell’s Equations A.1-A.4 can
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be combined into the following two equations:
∇2E + µεω2E = −∇
(
1
ε
∇ε · E
)
(A.6)
∇2H + µεω2H = iω∇ε × E (A.7)
If the waveguide axis is along the zˆ direction, then propagating waves along the axis of the
waveguide have an implicit dependence of the form e−i(ωt−kz z), where kz is the wavenumber
in zˆ direction. These vector equations can then be simplied further. For a non-magnetic
material, n = √εr, Equation A.6 can be written as:(
∇2t + n2k2
)
E + ∇
(
∇ ln
(
n2
)
· E
)
= k2zE (A.8)
This equation is the vector wave equation for the E eld.
A.1.2 Transverse and axial eld components
Here we will derive the expressions for the transverse eld components. Let us split the
elds into ‖ and ⊥ components, with respect to the zˆ direction. Let E = Et + Ez zˆ, where
Et = (zˆ × Et) × zˆ. Then,
∇ × E =
(
∇t + zˆ ∂
∂z
)
× (Et + Ez zˆ)
= ∇t × Et + ∇tEz × zˆ + zˆ × ∂Et
∂z
(A.9)
But ∇ × E = iωµH = iωµ (Ht + Hz zˆ). Thus by comparing the vector components on both
sides of the equation, and likewise expanding ∇×H in a similar manner, we get the following
equations for the eld components:
∂Et
∂z
+ iωµzˆ ×Ht = ∇tEz (A.10a)
zˆ · (∇t × Et) = iωµHz (A.10b)
∂Ht
∂z
− iωεzˆ × Et = ∇tHz (A.10c)
zˆ · (∇t ×Ht) = −iωεEz (A.10d)
If we assume eikz z dependence (where kz is the wavenumber in zˆ direction) then we can
express the ⊥ or transverse components entirely in terms of the ‖ or z-component.
Et =
i
γ2
(kz∇tEz − ωµzˆ × ∇tHz) (A.11)
Ht =
i
γ2
(kz∇tHz + ωεzˆ × ∇tEz) (A.12)
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where γ2 = µω2 − k2z .
A.1.3 Scalar wave equation
Since the transverse eld components of the electromagnetic wave can be expressed entirely
in terms of the z-components, we only require to solve Equations A.6 and A.7 for the z-
components of E and H. If we assume that ε only depends on the transverse prole of the
waveguide, that is ε = ε (x, y), then we get:
∇2t Ez + γ2Ez = −zˆ · ∇
(
1
ε
∇tε · Et
)
(A.13)
∇2t Hz + γ2Hz = −zˆ · iω∇tε × Et (A.14)
where γ2 = µω2 − k2z . By substituting expressions for Et in the right hand side of the above
equations, we can show that:
∇2t Ez + γ2Ez −
k2z
γ2ε
(∇tε · ∇tEz) = ωkzµ
γ2ε
zˆ · (∇tε × ∇tHz) (A.15)
∇2t Hz + γ2Hz −
ω2µ
γ2
(∇tε · ∇tHz) = −ωkz
γ2
zˆ · (∇tε × ∇tEz) (A.16)
These equations are still dicult to solve, and further simplications for the dielectric prole
ε (x, y) are required. For example, if ε is a constant and does not depend on position within
the waveguide, then the equations simplify to:
∇2t Ez + γ2Ez = 0 (A.17)
∇2t Hz + γ2Hz = 0 (A.18)
which are known as Helmholtz equation or the scalar wave equation.
A.1.4 Step Index Fiber
Here we will solve the wave equation for a cylindrical waveguide, using cylindrical coordin-
ates (ρ, φ, z). Analytical solutions are possible if we assume a step index prole, where the
dielectric function is a constant ε (ρ) = ε1 within the cylinder ρ < a, and ε (ρ) = ε2 < ε1 for
the surrounding medium ρ > a. The scalar wave equations in cylindrical coordinates are:
∂2Ez
∂ρ2
+
1
ρ
∂Ez
∂ρ
+
(
γ2 − m
2
ρ2
)
Ez = 0 (A.19)
∂2Hz
∂ρ2
+
1
ρ
∂Hz
∂ρ
+
(
γ2 − m
2
ρ2
)
Hz = 0 (A.20)
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Note that the azimuthal variation has the functional form eimφ , where m is an integer (this
can be shown by using separation of variables to solve the partial dierential equation). With
a change of variable η = γρ, the above equations take the form of the well known Bessel’s
dierential equation of order m. The general solutions to these equations are described by
Bessel functions. However we require elds to have a nite value inside the waveguide ρ < a
and the elds must decay as ρ→∞. By applying these conditions we get:
Ez =

AeJm (γρ) eimφ for ρ < a
BeKm (βρ) eimφ for ρ > a
(A.21)
Hz =

AhJm (γρ) eimφ for ρ < a
BhKm (βρ) eimφ for ρ > a
(A.22)
where Jm is the Bessel function of the rst kind, Km is the modied Bessel function of the
second kind, γ2 = µ1ε1ω2 − k2z and β2 = k2z − µ2ε2ω2. Note that ei(kz z−ωt) functional
dependence is implied for the eld components. The constants Ae,h and Be,h are determined
using boundary conditions at the interface ρ = a.
The transverse eld components are obtained by substituting the z-components into
Equations A.11 and A.12. The transverse eld components are:
Eρ =

Ae
ikz
γ
J ′m (γρ) − Ah
mωµ1
γ2ρ
Jm (γρ) for ρ < a
−Be ikz
β
K ′m(βρ) + Bh
mωµ2
β2ρ
Km(βρ) for ρ > a
(A.23)
Eφ =

−Aemkz
γ2ρ
Jm(γρ) − Ah iωµ1
γ
J ′m(γρ) for ρ < a
Be
mkz
β2ρ
Km(βρ) + Bh iωµ2
β
K ′m(βρ) for ρ > a
(A.24)
Hρ =

Ae
mωε1
γ2ρ
Jm(γρ) + Ah ikz
γ
J ′m(γρ) for ρ < a
−Bemωε2
β2ρ
Km(βρ) − Bh ikz
β
K ′m(βρ) for ρ > a
(A.25)
Hφ =

Ae
iωε1
γ
J ′m(γρ) − Ah
mkz
γ2ρ
Jm(γρ) for ρ < a
−Be iωε2
β
K ′m(βρ) + Bh
mkz
β2ρ
Km(βρ) for ρ > a
(A.26)
Note that the derivative of the Bessel functions with respect to its argument is denoted by
the prime. Also the factor eimφ has been omitted for brevity.
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Figure A.1: a. Schematic diagram showing a free-standing nanowire in air, which is
modelled as a circularly symmetric waveguide with a step index prole. b. The index
prole of the waveguide in the radial direction. Note that n1 = c
√
ε1µ1 and n2 = c
√
ε2µ2,
and for non-magnetic materials µ1,2 = µ0.
A.1.5 Boundary Conditions
In a non-conducting medium, Maxwell’s equations have to satisfy the following boundary
conditions:
D(1)⊥ = D
(2)
⊥ B
(1)
⊥ = B
(2)
⊥ (A.27a)
E(1)‖ = E
(2)
‖ H
(1)
‖ = H
(2)
‖ (A.27b)
In the cylindrical waveguide, with the axis aligned to the zˆ direction, the ⊥ component is in
ρˆ direction and ‖ components are in φˆ and zˆ direction. Therefore the boundary conditions
required at ρ = a are:
ε1E
(1)
ρ = ε2E
(2)
ρ µ1H
(1)
ρ = µ2H
(2)
ρ (A.28a)
E (1)φ = E
(2)
φ H
(1)
φ = H
(2)
φ (A.28b)
E (1)z = E
(2)
z H
(1)
z = H
(2)
z (A.28c)
A.1.6 Characteristic Equation
Solving the boundary conditions with the eld components immediately yields the charac-
teristic equation:(
µ1
p
J ′m (p)
Jm (p) +
µ2
q
K ′m (q)
Km (q)
) (
ε1
p
J ′m (p)
Jm (p) +
ε2
q
K ′m (q)
Km (q)
)
= m2
k2z
ω2
(
1
p2
+
1
q2
)2
(A.29)
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where p = γa and q = βa. It is also useful to dene the following parameters: wavenum-
ber in free-space k0 = ω/c , eective index neff = kz/k0 and waveguide parameter V =
k0a
√
n21 − n22. Then p = k0a
√
n21 − n2eff and q = βa = k0a
√
n2
eff
− n22, and the characteristic
equation can be simplied to:(
1
p
J ′m (p)
Jm (p) +
1
q
K ′m (q)
Km (q)
) (
n21
p
J ′m (p)
Jm (p) +
n22
q
K ′m (q)
Km (q)
)
= m2n2eff
V4
p4q4
(A.30)
V is also known as waveguide frequency or normalised frequency. For example, V ' 2.405
denes the cut-o frequency for TE01 and TM01 guided modes.
The characteristic equation gives the dispersion relation for the supported modes, denes
the wavelength or diameter at which the mode is supported. The solutions to the character-
istic equation are either guided modes or leaky modes (neff is a real number for guided modes
and a complex number for leaky modes, provided n1 and n2 are real numbers). For m = 0,
there are two solutions, which are TE and TM modes.
A.2 Guided modes
We used Mathematica to solve the characteristic equation and visualise the eld proles for
the various modes. The eld components for TE, TM and HE guided modes are provided
below.
A.2.1 TE Modes
ρ < a

Eρ = 0
Eφ = −Ah iωµ0
γ
J ′0 (γρ)
Ez = 0
Hρ = Ah
ikz
γ
J ′0 (γρ)
Hφ = 0
Hz = AhJ0 (γρ)
ρ > a

Eρ = 0
Eφ = Bh
iωµ0
β
K ′0 (βρ)
Ez = 0
Hρ = −Bh ikz
β
K ′0 (βρ)
Hφ = 0
Hz = BhK0 (βρ)
(A.31)
Boundary conditions at ρ = a require:
Bh
Ah
=
J0 (γa)
K0 (βa) (A.32)
The characteristic equation for the TE mode is:
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1
γ
J ′0 (γa)
J0 (γa) +
1
β
K ′0 (βa)
K0 (βa) = 0 (A.33)
A.2.2 TM Modes
ρ < a

Eρ = Ae
ikz
γ
J ′0 (γρ)
Eφ = 0
Ez = AeJ0(γρ)
Hρ = 0
Hφ = Ae
iωε1
γ
J ′0 (γρ)
Hz = 0
ρ > a

Eρ = −Be ikz
β
K ′0 (βρ)
Eφ = 0
Ez = BeK0 (βρ)
Hρ = 0
Hφ = −Be iωε2
β
K ′0 (βρ)
Hz = 0
(A.34)
Boundary conditions at ρ = a require:
Be
Ae
=
J0 (γa)
K0 (βa) (A.35)
The characteristic equation for the TM mode is:
ε1
γ
J ′0 (γa)
J0 (γa) +
ε2
β
K ′0 (βa)
K0 (βa) = 0 (A.36)
A.2.3 HE and EH Modes
For m , 0, the azimuthal dependence has the form eimφ = cos (mφ) + i sin (mφ). Choosing
either the cosine or sine component for Ez gives HE or EH modes, respectively.
HE modes: Ez ∝ cos(mφ) Hz ∝ −sin(mφ)
EH modes: Ez ∝ sin(mφ) Hz ∝ cos(mφ)
All six eld components of HE and EH modes are non-zero and are given by the following
equations:
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ρ < a

Eρ = Ae
ikz
γ
(
J ′m (γρ) −
m
γρ
sJm (γρ)
)
Eφ = Ae
kz
γ
(
sJ ′m (γρ) −
m
γρ
Jm (γρ)
)
Ez = AeJm (γρ)
Hρ = Ae
ω
γ
(
m
γρ
ε1Jm (γρ) −
k2z
ω2µ0
sJ ′m (γρ)
)
Hφ = Ae
iω
γ
(
ε1J ′m (γρ) −
k2z
ω2µ0
m
γρ
sJm (γρ)
)
Hz = Ae
ikz
ωµ0
sJm (γρ)
(A.37a)
ρ > a

Eρ = Be
ikz
β
(
m
βρ
sKm (βρ) − K ′m (βρ)
)
Eφ = Be
kz
β
(
m
βρ
Km (βρ) − sK ′m (βρ)
)
Ez = Be
ikz
β
(
m
βρ
sKm (βρ) − K ′m (βρ)
)
Hρ = Be
ω
β
(
k2z
ω2µ0
sK ′m (βρ) −
m
βρ
ε2Km (βρ)
)
Hφ = Be
iω
β
(
k2z
ω2µ0
m
γρ
sKm (βρ) − ε2K ′m (βρ)
)
Hz = Be
ikz
ωµ0
sKm (βρ)
(A.37b)
where
s =
m
(
1
p2
+
1
q2
)
1
p
J ′m (p)
Jm (p) +
1
q
K ′m (q)
Km (q)
Boundary conditions at ρ = a require:
Ah
Ae
=
Bh
Be
=
ikz
ωµ0
s (A.38a)
Be
Ae
=
Bh
Ah
=
Jm (p)
Km (q) (A.38b)
Appendix B
Far-eld diraction pattern
The equations describing the diraction pattern from an aperture in the near eld (Fresnel
approximation) and the far eld (Fraunhofer approximation) are well known in optics. Here
we provide a brief derivation of the diraction equations and explain the Fourier transform
property of lenses. In Chapter 5, we used the diraction equations to model the far-eld
emission pattern of a nanowire laser formed at the back focal plane (BFP) of a lens.
B.1 Diraction equations
The eld distribution due to diraction of light from an aperture can be calculated using
diraction integration based on Huygens-Fresnel principle [Hecht E., Optics. 2002]. Figure
B.1 shows the diraction geometry, showing the coordinates of the aperture plane and the
image plane. The aperture (or diracting object) is located on the plane at z = 0 and the image
plane is a distance z away from the aperture plane. According to Huygens-Fresnel principle,
each point P0 across the aperture can be thought of as a source of expanding spherical waves.
The diraction pattern at point P1(x, y, z) can be calculated by integrating the electric eld
at P1 resulting from the series of expanding spherical waves emanating from the aperture.
The electric eld at point P1 can be mathematically expressed as [Goodman J., Introduction
to Fourier Optics. 2005, p. 65]:
E (x, y) = 1
iλ
∬
Σ
E (ξ, η) e
ikr
r
cos θdξdη (B.1)
where E is the electric eld, k = 2pi/λ is the wave vector, r is the length of the vector
from P0 to P1 and θ is the angle between this vector and the outward normal (z axis). The
surface integral is over the entire aperture (Σ). Note that from geometry: cos θ = zr and
r =
√
(z2 + (x − ξ)2 + (y − η)2). Using binomial expansion, r can be expressed as:
r ≈ z
(
1 +
1
2
(
x − ξ
z
)2
+
1
2
(
y − η
z
)2)
(B.2)
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Figure B.1: Diraction geometry showing the relative coordinates of the aperture and im-
age plane. Light is incident on the diracting object (aperture) from the left and propagates
towards the right, forming a diraction pattern on the image plane a distance z away.
By substituting Equation B.2 and retaining the quadratic terms in the exponent and linear
terms in the denominator of the integrand, Equation B.1 simplies to the Fresnel diraction
integral:
E (x, y) = e
ikz
iλz
+∞∬
−∞
E (ξ, η) ei k2z ((x−ξ)2+(y−η)2)dξdη (B.3)
Note that the nite limits of the aperture have been incorporated in the denition of E(ξ, η).
We can rewrite Equation B.3 in the algebraic equivalent form:
E (x, y) = e
ikz
iλz
ei
k
2z (x2+y2)
+∞∬
−∞
{
E (ξ, η) ei k2z (ξ2+η2)
}
e−i
2pi
λz (xξ+yη)dξdη (B.4)
The integral in Equation B.4 looks like the 2D Fourier transform of the expression in the
integrand: product of the eld at (ξ, η) and a quadratic phase exponential. If the image plane
is at far distances, that is z  k2 (ξ2+η2)max, the quadratic phase exponential in the integrand is
approximately unity and Equation B.4 then simplies to the Fraunhofer diraction equation.
B.2 Fourier transform property of lenses
The Fourier transform property of lenses stems from the phase-transforming properties of
spherical lenses. The phase transformation is described by the transmittivity of the lens,
which gives the relation between the incoming plane wave and the transmitted spherical
wave. The complex eld of the transmitted wave (Et ) is related to the complex eld of the
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incident wave (Ei) by:
Et (ξ, η) = t (ξ, η) · Ei (ξ, η) (B.5)
where t (ξ, η) is the transmittivity function and (ξ, η) are the coordinates in the plane of the
lens. For a thin converging lens, the transmittivity function can be approximated by [Good-
man J., Introduction to Fourier Optics. 2005, p. 99]:
t (ξ, η) = eikn∆0e−i k2 f (ξ2+η2) (B.6)
where n is the refractive index and ∆0 is the maximum thickness of the lens and f is its
focal length. If a converging lens is placed against the aperture (at z = 0) in Figure B.1, then
Equation B.5 and B.6 give the complex eld on the plane just right of the lens. If the image
plane is positioned a distance f from the lens (z = f ), at the BFP, then using Equation B.4,
the eld distribution on this plane is:
E f (x, y) = e
ik( f+n∆0)
iλ f
ei
k
2 f (x2+y2)
+∞∬
−∞
E (ξ, η) e−i 2piλz (xξ+yη)dξdη (B.7)
Thus the eld distribution at the BFP of the lens is proportional to the 2D Fourier trans-
form of the eld incident on the lens and corresponds to the Fraunhofer diraction pattern.
The same conclusions are obtained if the aperture was placed at the focal plane in front of
the lens rather than against it [Goodman J., Introduction to Fourier Optics. 2005, p. 104]. Thus
the lens performs a 2D Fourier transform on the incident eld, decomposing light from the
aperture into individual plane waves and mapping plane waves with a unique k-vector (or
direction of propagation) to a unique point on the BFP.
The intensity pattern can be written as:
I (u, v) ∝
 +∞∬
−∞
E (ξ, η) e−2pi(uξ+vη)dξdη
2 (B.8)
where E (ξ, η) is the electric eld distribution at the focal plane, u = xλ f and v = yλ f , where x
and y are the spatial co-ordinates on the BFP, λ is the wavelength of light and f is the focal
length of the lens.
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